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INVITED PAPERS

"SMALL SHIPS - HIGH PERFORMANCE"

RADM HARRY C. MASON
COMMANDER, NAVAL SHIP ENGINEERING CENTER
HYATTSVILLE, MARYLAND

The Navy is now into its first
large scale Fleet renewal program
since World War II. And we are pro-
ceeding very carefully, because we
realize that decisions made today
will affect the Navy for many years
to come. Our goal is to create a
Navy which will meet the demands of
the next generation of Americans,
as well as lower the age of our
ships.

In planning this new Navy, we
look, of course, to the future,
where we see the Navy retaining re-
sponsibility for covering large ar-
eas of the world's surface. We see
also that this mission will have to
be accomplished with fewer numbers
of men and ships. Our goal, there-
fore, is a tightly organized, effi-
cient force equipped with superior
weapons. As Admiral Zumwalt, our
Chief of Naval Operations, put
it, "a lean, mean force."

Covering large expanses of
ocean with a smaller fleet means
that our new Navy must be highly
flexible and highly mobile. We must
be able to quickly assemble units
to present a concentrated force, and
to rapidly disperse ships in smaller
groups to support friendly nations
anywhere in the world. To achieve
this mission with reasonable invest-
ments, we intend to supplement our
conventional ships with small, High
Performance ships.

We call these craft "High Per-

formance® because they can achieve
much higher speeds than other ships
and maintain these speeds in rough
seas. Included in this high per-
formance category are hydrofoils,
air cushion vehicles and surface ef-
fect ships.

First, let's consider hydro-
foils -- ships that can rise out of
the water and skim along on wing-
like appendages.

The oft-made analogy between
hydrofoils and airplanes is rela-
tively accurate: when hydrofoil
ships "fly," the foils function in
much the same manner as wings; and
the ship itself is weight critical.
Also like planes, hydrofoils have
cockpit-type control stations,
light weight aluminum structures and
gas turbine engines.

LADDER HYDROFOILS ““FUILY SUBMEEG
(HYBRID) HYDROFOILS

t

Fig. 1 - Three types of hydrofoils
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There are three types of hy-
drofoils as shown in Fig. 1 --
surface piercing, fully submerged
and hybrids. The Navy has opted
for the submerged foil system be-
cause it produces far superior
rough weather performance and re-
quires less propulsion power.

In 1957, SEA LEGS, a Chris
Craft cabin cruiser fitted with
fully submerged foils proved that
a hydrofoil could operate with a
fully automatic control and sta-
bilization system. Verification

Fig.-2 - SEA LEGS

of this system was an important
step because the submerged hydro-
foil concept depends upon auto-
matic control systems to sense the
motions caused by waves and create
forces to oppose them, thus al-
lowing stable flight in the ocean.
The height at which the ship
"flies" above the waves is deter-
mined by the strut length. Dur-
ing the design process, NAVSEC
engineers consider the probable
distribution of wave heights to

be encountered and design an ap-
propriate strut length so the ve-
hicle can fly without hull impact
or foil broaching.

Today, the U.S. Navy is the
recognized leader in submerged foil,
ocean-going hydrofoils. And, al-
though several hundred hydrofoil
ferries ranging from 15-150 tons are
now in successful commercial opera-
tion throughout the world, use of
larger vessels in the open sea is
currently limited to military appli-
cations where the cost of additional
performance is justified by tactical
necessity.

To give you an idea of where we
presently stand, I'd like to quickly
acquaint you with the Navy hydro-
toils developed to date.

The very first U.S. Navy hydro-
foil, the HIGH POINT (PCH-1), became
operational in 1963. HIGH POINT's

Reproduced from
b:ft' oav‘;cileable cop@

Fig. 3 - HIGH POINT

120-ton, 116-foot hull is powered by
2 3100HP Rolls Royce Protcus gas
turbines. Her maximum foil-borne
speed is in excess of 40 knots, an
impressive increase over hullborne
ships.

The PLAINVIEW (AGEH-1) at 320
tons is the largest hydrofoil in the
world. She has had all the aches of
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Fig. 4 - PLAINVIEW

a developmental program -- a
development in which size is one
of the technological problems.

But it is really the Patrol
Gunboat Hydrofoil (PGH) program
which has demonstrated the hydro-
foil's ability to operate in high
seas and its suitability for the
50-knot Navy. During service in
Vietnam, 2 hydrofoil gunboats
proved they can operate in seas
above their designed sea state;
that gas turbine-water-jet pro-
pulsion is rugged and reliable;
that the electronic/hydraulic
control system is dependable and
that a minimum of shore support is
required. All of which adds up to
the fact that hydrofoils can pro-
vide a fast, reliable, all weather
combat system.

These two 60-ton gunboats are
the FLAGSTAFF and the TUCUMCARI
(PGH-1 and #2), both with fully
retractable foils. The FLAGSTAFF
foils are arranged in typical air-
plane fashion (2 forward, 1 aft)
with most of the lift provided by

the forward foils. The TUCUMCARI
was the first hydrofoil with

waterjet propulsion. Powered by a
3300HP Rolls Royce gas turbine en-
gine, water is sucked through rear
foil struts up into the pump and
jets out at 100 tons per minute.
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Fig. 6 - TUCUMCARI

Last winter, highly successful
152mm gun trials were conducted
aboard the FLAGSTAFF.. These. tests
verified our prediction that the
ship could "take" a recoil load
equal to the 60-ton displacement of
the craft. More simply, it proved
that the 60-ton ship could stay
foilborne when the recoil force of
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the gun equalled the weight of the

ship. (Pounds mass equal to
pounds force.)

The hydrofoil's ability to
operate at high speeds in a high
sea state is its main selling
point. The reason the hydrofoil
can maintain high speeds in the
flying mode is because the ship's
hull is above the water's wave
action and resistance is greatly
reduced, resulting in a fast,
stable ride. Because the hydro-
foil's hull is clear of the sea-
way, it loses very little speed
in higher sea states. For exan-
ple, sea state 5 (10' waves)
would reduce speed about 12%
while small destroyers would have
their speed cut in half.

Now, let's consider air
cushion vehicles and surface ef- -
fect ships which are less ma-
neuverable but more adaptable.
The concept behind these craft
can be traced back to the early
18th century (Swedenborg in
1716), but they are the newest
in terms of development. Gen-
erically air cushion and sur-
face effect ships are the same,
in that they both operate above a
surface supported primarily by a
self-generated, contained cushion
of air.

The distinctions between the
two can be seen in Fig. 7. The

term Air Cushion Vehicle has come
to mean a craft with a flexible
seal system extending completely
around the periphery of the ship.
The flexible skirt not only con-
tains the supporting air cushion
but allows the craft to be am-
phibious, its most important
characteristic. ¥n contrast, the
Surface Effect Ship generally has
rigid surface piercing sidewalls,

ACY SES
AR CUSHION VEHICLE SURFACE EFFECT SHIP

SEE@ ﬁ
SURFACE CONTOURING
SIDEWALLS

SURFACE PIERCING
SIDEWALLS

Fig. 7 - ACV SES

with a flexible skirt at the bow and
stern only. This configuration is
not amphibious, but should have
greater potential for higher speeds
and efficiency ir larger sizes, Ei-
ther configuratiin can have air pro-
pulsion or water propulsion but, of
course, the air cushion vehicle re-
quires air propulsion to maintain
its amphibious capability. Because
water thrusters have higher effi-
ciency than air propellers, SES will
probably have either a water jet or
a supercavitating propeller.

Fig. 8 - SKMR-1
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Early U.S. Navy efforts in this
field are usually identified with
the 30-ton test craft designated
SKMR-1 shown in Fig. 8. Built in
1963, it remains to this day the
most capable ACV designed, built
and operated in this country.
Supported by her air cushion, the
ACV can travel easily from land,
where she can go over any obsta-
cle no higher than her 4 foot
skirt height, through the surf to
being completely waterborne. This
capability offers great potential
for intermodal transport situations.
It can eliminate the need for off-
loading and transfer of cargo at
the shoreline.

The British, who call them
hovercraft, have produced a number
of successful air cushion designs,
both large and small. One 177-ton
British ACV commercially operated
as a ferry can carry 254 passengers
and 30 cars. But we now feel we
are catching up. While English
developinent has been largely
commercially oriented, the U.S.
has pursued primarily military
applications.

The Navy is interested in air
cushion craft both because of their
amphibious capatbility and because
of their high speed potentisi,
particularly in rough water. This
interest has fostered a Navy
program to develop several config-
urations of amphibious assault
landing craft, initially 4 150-ton
ACVs of two different designs.
Shown in Fig. 9, the Bell design
features, for the first time on a
large craft, '"bow thrusters'" which
can be trained in any horizontal
direction to improve low speed
manuevering and control. This
Aerojet design incorporates train-
able air propellers and a new type
of 1ift system (see Fig. 10). The

Fig. 10 - Aerojet design

ultimate output of this program of 4
ships is the technology from which
NAVSEC can design the operational
machines.

Another program just getting
underway, the Arctic Surface Effects
Vehicle Program, has as its goal the
development of ACVs for Arctic oper-

i;



ations. The amphibious capability
is attractive here because the
craft must travel over a variety
of surfaces -- water, ice and

land -- and over nbstacles.

Newest of the high perforn-
ance ships in terms of develop-
nment is the Surface Effect Ship.
It was 1967 when the Joint Surface
Effect Ships Program Office
(JSESPO) was established with a
charter to develop large (about
4000 tons), fast (80-100 kncts in
smooth water) surface effect
ships. The "Joint" in JSESPO's
title referred to the fact that
initially the program was sup-
ported cooperatively by the
Commerce Department and the Navy.
It has recently become exclusively
a Navy program under a NAVMAT

Program Manager.

As the first major step
toward realizing their goal, the
program has just completed the
construction of the two 100-ton,
80-knot test craft shown in these
Figures (11 § 12). One of the

Fig. 11 - Waterjet propulsion
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Fig. 12 - Supercavitating propeller

major differences between them is in
the propulsion system -- one is E
powered by waterjet (Aerojet) and :
the other with a new type of super- ?
cavitating propeller (Bell). Both '
crafts are presently being outfitted ;
and undergoing systems check-out,
and are expected to be operating
within a few months. We certainly
hope these ships demonstrate the
potential indicated by the lengthy
analytical work and model testing on
which they are based.

S

This then is where we stand at
present in the high performance
field -~ at the state-of-the-art, so
to speak. We have utilized existing
knowledge to its fullest extent and
require breakthroughs before signif-
icant advances can be made.
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For example, consider the cavi-
tation problem. When a hydrofoil is
flying through the water, cavita-
tion -- the boiling of water due to
local low pressure regions -- occurs.
This cavitation can erode metal
surfaces as though a strong acid were
applied. Fig. 13 shows cavitation
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Fig. 13 - Cavitation damage

damage which had occurred on the
HIGH POINT's aft propeller after
15 hours of use under full pswer
conditions. The cavitation
barrier occurs at about 50 knots.
Until we break through this cavita-
tion barrier, we are limited to
speeds below 50 knots.

There is an answer to the di-
lemma, and that is to learn to op-
erate in the supercavitating re-
gime. This solution is a dramatic
indication of the technological
problems involved. Fig. 14 shows
the two foils. If the subcavitat-
ing foil is pushed too fast the ef-
fects of cavitation occur directly
on the foil, causing cevere damage
and loss of control. The cavity on
the supercavitating foil doesn't
collapse until it's well aft of the
foil and, therefore, prevents the
detrimental erosive effects from
taking place. But the supercavi-
tating foil also has its drawbacks
in that it doesn't provide as much
1ift as the subcavitating foil, and
the drag factor is increased. Main-
taining a stable cavity in the var-

iable angle of attack environment
induced by the seaway is a difficult
control problem. To sum up it's a
long way from being reduced to prac-
tical engineering and experimental
facilities are minimal.

SUBCAVITATING FOIL

\

o o b

; SUPERCAVITATING FOIL ‘

Fig. 14 - Cavitating foils

Another unique problem of a mili.
tary hydrofoil is the interfacing of
weapons systems with the vehicle.

The motion of a hydrofoil is more
like the vibration of an aircraft
than the rolling, pitching motion of
a conventional ship. This requires
the development of new stabilization
devices to adapt the weapons to this
unique motion.

Also peculiar to hydrofoils is
the problem of noise interference
with the proper operation of the
autopilot's sonic height sensor.
Sensors presently in use have been
found to give erroneous readings when
they receive not only their own sig-
nals, but the noise of certain types
of aircraft, helicopters, and the
firing of automatic weapons. These
erroneous readings have caused foil
broaching.

Common to all high performance
craft is the need for light weight.

Do,
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While it has been found that rivet-
ed aluminum structures have very
low weight, the working of the hull
over time can cause loose rivets.
These loose connections will re-
sult in the re-radiation of elec-
tromagnetic energy, interfering
with the proper operation of elec-
tronic countermeasures and fire
control systems.

All of these interface prob-
lems point to the possibility of
concurrent weapons and platform de-
velopment where feasible in order
to obtain the optimal warfare
system.

As you can see, few engineer-
ing situations have clear-cut solu-
tions. Our job at NAVSEC is to
study the various alternatives and
make the necessary tradeoffs to

achieve the BEST, cost-conscious op-
erational capability.

In addition to state-of-the-
art restrictions in the high per-
formance field, we are also nearing
the limits of RGD technology to
place aboard these craft. For ex-
ample, all high performance ships
are weight critical.

Range is limited due to con-
flicting requirements for light
weight and fuel payload. We need
longer range propulsion systems;
that is, propulsion systems with
higher overall efficiencies because
fuel and payload are tradeable.

We don't have a suitable menu
of weapons and sensors for these
ships. As designers, we of the en-
gineering community examine various
systems possibilities and try to
bring the right system on board.
But the plain fact is, what we need
for high performance ships doesn't
exist. We need systems which are

light, compact, potent in the naval
warfare environment and suitable for
maintenance at sea. We should be
thinking aircraft technology--but ap-
plication of that technology to a
rugged marine environment.

In discussing weapons systems,
it becomes apparent that the physical
parameters of some foreign weapons
systems are better than ours. Their
weapons require lower manning and
produce "more bang per pound." Plus,
their weapons have more R&D behind
them.

We are in the early phases of
the PHM (Patrol Hydrofoil Missile)
which has both surveillance and at-
tack capabilities. Basically the re-
quirement is for patrol boats which
can exhibit high speed and outstand-
ing performance in a high sea envi-
ronment. The Navy's existing hydro-
foils have demonstrated that hydro-
foils can satisfy these requirements.
However, we have had a bit of trauma
in our initial studies for we wind up
with a choice of foreign-made weapons
for these ships because, by virtue of
being smaller and lighter with com-
parable firepower, they are more at-
tractive. Foreign designers have
made some concessions, such as barrel
life of the guns, but the important
point is that foreign weapons are
closer to what we needed than any-
thing the U.S. has produced.

Lest I've placed too much empha-
sis on these small ships and their
fascinating problems. The Navy has
many missions and many types of ships
to accomplish these missions. We
need a balance of capability -- sub-
merged, in the air and on the sur-
face. We have a deficiency in the
kinds of ships I've been discussing
today -- small, low cost, high per-
formance ships -~ ships capable of
patrolling and controlling large
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portions of the ocean with effec-
tive weapons delivery or transport
capability. The technology of
materials and power packages now
permits us to consider high per-
formance with reasonable pay loads
and the technology of today's weap-
onry apparently permits us to give
the small package a massive de-
struct power.

However, even though the tech-
nology of the combat suit apparent-
ly exists, it has not yet been re-
duced to engineering practice --
and our job as ship designers and
developers -- to design and build
operational ships -- is complicated
by these gaps.

Thus, for this special class
of craft, for these new ships of
the Navy, we all have to shift our
thinking and remember that for
these applications we are space and
weight constrained. We do need the
maximum of automation. It does re-
quire a new dimension in Navy think-
ing and a new dimension in technical
support by industry -- but the re-
wards are a new dimension in naval
capability -- which we surely need
to be the strongest Navy in the
world.
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SPECIFICATIONS

SURVEY OF VIBRATION TEST PROCEDURES IN USE BY THE AIR FORCE

Wayne B. Yarcho

Alr Force Flight Dynamics Laboratory
Wright~Patterson Air Force Base, Chio

A survey has been ronducted of specifications and standards containing
vibration test procedures in use by the Air Force, to assess progress
toward the establishment and maintenance of uniform procurement guide-
lines. A representative sample of hardware specificaticns selected
from the DOD Specification Index was examined to establish the direc-
tion and cxtent of use of vibration tests offered in the various test
specifications and standards. A number of documents presenting
vibration test methods were reviewed to determine what procedures are
available for application to hardware items. Conclusions relative to
the current status of vibration testing methods are presented.

INTRODUCTION

The effect of the vibracion environment on
the operational performance of military vehicles
and equipment has been recognized as a problem
for many years. However, prior to the zarly
1540's, little standardization sxisted in regard
to requirements and test procedures. Test
philogsophies and techniques varied among civi-
1lian manufacturers and government and commercial
testing laboratories, for the hardware items for
which they were responsible.

After the start of World War 11, an urgent
demand for new, relisble, air and ground
vehicles and equipment brought out the need for
standard testing procedures in the field of
vibration. To satisfy this requirement for
uniform procurement guidelines, AF Specification
41065 was published on 7 December 1945,
containing what were apparently the first
standard Air Force vibration test procedures.
Revisions to the original specification were
published at intervals during the next few years,
as testing practice developed,

In August 1950, Specification 41065 was
converted to MIL-E-5272, with additional vibra-
tion tests included. At about the same time,
other documents presenting vibration and other
environmental tests began to appear, including

Preceding page. blank

MIL-T-5422 (Buler) for Naval aircraft electronic
equipment, MIL-E~4970 for Air Force ground
support equipment and MIL-3TD-202 for electronic
and electrical component parts. By 1962, 1/
test specifications and standards were in exis-
tence, as indicated in Figure 1, and the number
of "standard" environmental tests had increased
to the point that some attempt to restandairdize
the general testing area was deemed necessary.
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Figure 1. Total of Vibration Test Dccuments
1945 ~ 1971
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Accordingly, in June 1962 MIL-STD-810 was
issued, in an effort to combine at least the
major test aspects of specifications into one
document and standardize vibration and other
environmental test procedures to reduce con-

\ fusion. The "B" revision of the standard, dated
15 June 1967, Notice 1 dated 20 October 1969,
and lotice 2 deted 29 September 1969 are cur-

. rently in effect. Some of the older documents

. such as MIL~E-5272 and MIL-T-5422, have been

) reclassified as "limited" (not to be used for
development and new procurement) in an effort

to gradually phase them out. The current survey
was undertaken to assess the progress toward
this objective by determining the extent to

s which MIL-STD-810 is called out in hardware
procurement specifications.

Y ST oA

SURVEY PROCEDURE

The DOD Specifications and Standards Index
contains 2pproximately 43,000 document titles
R used in military procurement. Many, but not
all, of these documents contain descriptions
of quality assurance tests to be used to deter-
mine acceptability of the item cencerned. The
vibration tests specified are usually selected
from the procedures described in test specifi-
cations or standards of the type discussed
above. These relatively few test specifications
and standards are identifiable by title from the
Index, but no such indication is provided as to
which hardware specifications contain vibration
tests. This necessitated review of many
documents to obtain this information. Because
of the number of hardware specifications
involved, a detailed review was not considered
feasible. Instead, an examination was made of
a representative sample of the documents listed
in the DOD index, selected from those Federal
Stock Classes (FSC) pertaining to Air Force
materiel. Approximately 6,000 hardware speci-
fications were chosen for review.

REVIEW OF HARDWARE SPECIFICATIONS

A total of 5,917 detailed hardware or
equipment specifications was selected at random
from 14 FSC groups pertaining to Air Force
materiel. 1,381 or approximately 23% of these
contained vibration test descriptions.

In most specificatfons, when a vibration
test was described, reference was also made to
the test specification from which it came. 1In
other cases, the origin of the tests was not
identified. Scmetimes the origin could be deter-
mined from the test details, but generally, the
modifications of the parameters of a standard
test made identification of origin impossible.

Of the hardware specifications found to
contain vibration tests, 69Z pertained to elec-
trical or electronic equipment (generators,
motors, radio sets, capacitors, tubes, relays,
resistors, fuses, etc.), and the remaining

12

documents described instruments (17X), aircraft
accessories (5.0%), engines (2%), and miscel-
laneous items (camera lenses, fire extinguishers,
etc. (7%), as shown in Figure 2. These results
are believed to be generally indicative of the
types of Air Force equipment which require
vibration testing. ~Although a survey in greater
depth (of the entire specification index, for
example) might result in minor alterations of
the percentages of hardware items requiring
vibration tests, it is believed that the overall
result would be similar.
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Figure 2. Types of Equipment Most Often
Subjected to Vibration Test

REVIEW OF TEST SPECIFICATIONS AND STANDARDS

In addition to the review of the hardware
specifications, a number of test specifications
and standards as listed in Table 1 were compared
to determine the number and type of vibration
tests presented therein,




Table 1

Test Specifications and Standards

Date of Last ¥
Number Title Origin Revision .
MIL-E-5272 Environmental Testing of Aeronautical 12/7:45 1/20/60 ;
(formerly 41065) and Associated Equipment .
MIL~E-5009 Turbojet and Turbofan Afrcraft 6/14/46 - 11/13/67 f

Engines i
1
MIL-T-945 Test Equipment for Electronic 7/2/47 4/11/68 :
Equipment 3
MIL-E-5400 Arborne Electronic Equipment 12/1/49 5/24/68 K
i
: MIL-T-5422 Environmental Testing for Airborne 12/1/49 11/15/61 :
; Electronic Equipment i
! 3
MIL-STD-202 Test Methods for Electronic and 1/29/53 4]14/69 3
Electrical Component Parts i
MIL~-STD~167 Mechanical Vibrations of Shipboard 1/29/53 4/14/69 é
Equipment ;
MIL-C-172 Vibration for Alrcraft Electronic 12/15/53 12/8/58 %
Equipment Cases 4
MIL-T-7743 Store Suspension Equipment Testing 12/5/56 3/22/62 é
MIL-T-4807 Ground Electronic Equipment Vibration 10/7/58
and Shock Tests
MIL-STD-750 Test Methods for Semi-Conductor 1/19/62 8/26/68 !
Devices ;
MIL-STD-810 Environmental Test Methods 6/14/62 6/15/67 .
MIL~STD-1311 Test Methods for Electron Tubes 4/19/68 7/10/69
MIL-STD-883 Test Mathods for Microelectronics 5/1/68 5/1/58
All of the above-listed test specifications Table 1, such as MIL-STD-202, MIL-E-5272, etc.
present various types of vibration test descrip- To show the type and number of vibration test
tions as 1llustrated in Figure 3 or contain procedures involved, these documents are again
references to tests in other specifications in tabulated by title in Table 2.
Table 2
Types of Test Procedures in Test Specificatfons and Standards
Endurance Random Temp. Weight Allow Total
Spec., No, Resonance Cycling Steady Cycling Vib, Vib. Vib. Vib. Tests
MIL-E-5272 4 4 1 1 0 1 .1 12
MIL-E-5009 1 0 0 0 0 0 0 1
MIL-T-945 1 2 0 0 0 0 0 3
MIL-E-5400 0 4 0 0 0 0 0 4
MIL~T-5422 2 0 0 0 0 1 0 3
MIL~STD-202 1 5 0 0 1 0 0 7
MIL-STD-167 1 1 0 0 0 0 0 2
MIL-C-172 2 0 0 0 0 2 0 4
MIL-T-7743 0 0 1 0 0 0 0 1
MIL-T-4807 0 1 (] 0 0 0 0 1
MIL-STD-750 0 1 1 0 0 v 0 2
MIL-STD-810 14 6 0 1] 2 1 14 37
MIL-STD-1311 0 2 3 1 0 0 0 6
MIL-STD-883 0 1 1 0 0 0 0 2
TOTAL 26 27 7 2 3 5 15 85
13
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Figure 3. Content of Vibration Test Documents

APPLICATION

The application of the vibration test pro-
cedures described in the test specifications
and standards listed in Table 2 depends upon
(1) the type of hardware or equipment, e.g., 2
mechanical or electrical device, (2) the type

Also, special procedures are applied which
depend upon whether the equipment is attached
directly vo the structure (hard mounted) or
mounted on isolators. Furthermore, the selec—
tion of test procedures depends upon the type
of possible malfunction which is under investi-
gation, such as a possible fatigue failure or a
poseible instrument error due to vibration.

A very common test procedure indicated in
Table 2 i8 a resonance search followed by
resonance dwell testing. This test is normally
intended to investigate possible fatigue damage
in equipment which is to be installed in air~
planes and helicopters. The resonant dwell may

be followed by cycling tests to check for equip-

ment malfunction or for internal resonances
which are difficult to detect. T™n other cases,
only cycling testing iz required, especially
for equipment in a vehicle with a short service
life such as an air launched missile. Table 3
shows a rauge of test parameters for typical
cycling type tests and for a variety of equip-
ment locations. Resonance dwell and cycling
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of vehicle in which the equipment is mounted
(missiles, airplanes, helicopters, etc.), and

tests are conducted with sinusoidal type exci-
tation.

Table 3 i

Cycling Test Parameters

ok 1.

Double Total
For Equip. Ampl. Accel. Freq. Vib. ’
Mtd. On (Inches) (G's) (Hz) Time (Hrs) '
Recip. & Gas Turb. Eng. .036-.10 1-20 5-500 9
Turbo-Jet Eng. .036-.10 1-20 5-2000 9
Afrcraft Struct. on .010 2 5-500 9
Mounts
Helicop. Struct. on .036~-.10 2-5 5-500 9
Mounts

:

Helicop. Struct., No .10 2 5-500 9
Mounts
Air~Launched Missiles .036-.10 1-10 5=500 6
Captive Phase
Air-Launched Missiles .036-.10 1-10 5-2000 1.5
Grnd-Launched Missiles .06-.20 1-50 5=-2000 1.5
Grnd. Supt. Vehicles .06-.10 1-50 5-2000 9

An additional type of test with sinusoidal
excitation is the endurance test, also listed
in Table 2. This type of test is a fatigue test,
and it is generally of longer duration than the
previously indicated resonance or cycling test.
Table 4 indicates parameters assoclated with

some types of endurance tests., MIL-STD-810R
does not specifically call out endurance tests
as such, but other specifications such as MIlL-
E-5272C, do recommend this type of testing.
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Table 4

Endurance Test Parameters

Double Freq. Total Test
Equip. Ampl, Accel, Range Time
Type (Inches) (G's) (Hz) (Hours)
Microelect. .06 20 20-60 96
Store Susp. .03 10 50 300
Eng.-Mtd. .01-.05 20 15~250 36

(on turbo-jet
or turbo-fan)

Only two of the specifications, MIL-STD-
8108 and MIL-STD-202, recommend randca vibration
testing. Table 5 indicates typical pivameters
for random vibration tests. When widG. -band ran-

donm vibration tests are conducted, no resonance
search or cycling is required.

Table 5

Random Vibration Test Parameters

Power Spectral

Overall Total

Equip. Type Censity RMS “'¢" Time
All equipment attached .02 5.2 Three minutes to eight
to structure of air .04 7.3 hours in one or three
vehicles and missiles .06 9.0 directions as specified
powered by high thrust .10 11,6 in detail specification.
jets and rocket engines .20 16.4
.30 20,0
40 23.1
.60 28.4
1.00 36.6
1.50 44.8

In addition to the above test procedures,
gome of the test specifications listed in Table
2 provide for combined environment type testing
and make special allowances for the weight of
the item being tested. Vibration tests under
conditions of high temperature are conducted to
investigate possible malfun~tion of equipment
exposed to sources of heat such as clectronic
gear operating in closed compartments, on
engines, or near rocket exhausts. Provision
is made for vibration testing of heavy items by
test procedures which specify a progressive re-
duction in vibratory acceleration when the
weight of the test item exceeds 50 1lbs., de-
creasing ultimately to a minimum of 50% of the
test curve,

0f the 14 general requirements documents
reviewed, five, as indicated in Table 6, were
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found to contain the majority (74%) of the
vibration tests described, which consisted of
cycling, combined cycling-resonance, steady
state, and random excitation.
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Table 6

Test Specifications Most Often Referenced

MIL-STD-202 Test Methods for Electronic and Electrical Component Parts

MIL-E-5400 Airborne Electronic Equipment |
MIL-T-5422 Afircraft Electronic Equipment Environmental Testing

MIL-STD-810 Environmental Test Methods

MIL-E-5272 Environmental Testing of Aeronautical and Associated Equipment

Figure 4 shows these test specifications or
standards from which vibration test procedures
were most frequently referenced and the percent
of all hardware specifications that called them

out. Test procedures in the above five test
specifications most frequently specified are
given in Table 7 below:

Table 7
Test Procedures Most Often Referenced

MIL-E-5272 Meth, V (cycl.) and XII (Resonance and cycling)

e it s

MIL-STD-202 Meth 201A and 204B, Cond. A (cycling)

MIL-STD-810 Meth., S14, Proc. I, Curve B (resonance and cycling)

e

MIL-E-5400 Sim. to Meth. XII, MIL-E-5272

MIL-T-5422 Sim. to Meth, XII, MIL-E-~5272

DISCUSSION

MIL-STD-810 is the most detailed of the 58
General Test Specifications, has been recently | S13%
revised, and contains most vibration tests
presented in any of the other documents. In
addition, MIL-STD-810 is the only test specifi-
cation of those in this study to describe a
gunfire test (Notice 2 (USAF), 29 September
1969) and one of two (the other is MIL-STD~-202)
to present random vibration test procedures. It
is however, referenced much less often than
MIL-E-5272 which presents vibration tests formu-
lated for the air vehicles and equipment of 15
to 20 years ago. The reason for this infrequent
reference to an updated, improved specification
apparently lies In the regulations concerning
automatic review of specifications at five-year
intervals. During these reviews, if test
requirements have not changed, the test document
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reference may be left unchanged even though it
is in the "limited" category.

MIL-E~-5272 {8 the test specification
referenced as a source of vibration test proce-
dures in about 51% of the hardware speciffca-
tions., MIL-STD-202 is referenced in about 12%
of the specs, MIL-STD-910 in 11%, MIL-E-5400
and MIL-T-5422, about 2% cach. Approximately
22% of the vibration tests are described in
detafl but not identified as to origin.

No positive indication has been obtained
recently in regard to the adequacy of the vibra-

s e s i ——— -
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Figure 4. Vibration Test Documents Most Often
Referenced

tion tests currently presented. The fact that
many of the hardware specifications reviewed
had not been updated for the last 15 to 20
years might be a cause of many of the current
vibration problems. A review of outstanding
test procedures and comparison with what is
available in MIL-STD-810B is apparently neceded.

Method 514.1 "Vibration", the scction of
MIL-STD-810 pertaining to vibration test pro-
cedures, presents a wide variety of test methods




and is the most complete and up-to-date of the
test specifications (or standards) reviewed.
However, in an effort .o avoid repetition of
certain descriptive material common to a number
of test procedures, the tabular and graphical
data have been highly condensed, to what some
believe 18 a confusing extent. Detachment of
vibration tests to form a separate vibration
test standard might be an answer, although this
guggestion has niot met with acceptance in the
past .

Also, results of recent vibration surveys
have not yet influenced test specifications
and standards. For example, according to data
presented by Bolds and Ach (1), the test level
specified in the Helicopter Vibration Test Curve
"M" in MIL-STD-810B is inadequate as to freguency
range. Inadequate design and testing of heli-
copter equipment to realistic levels of vibra-
tion in the 5 to 10 Hz range and the absence
of requirements in the 500 to 3,000 Hz range
may possibly account for many current field
equipment failures. In addition to sinusoidal
vibration testing of equipment mounted in
helicopters, there also exists a need for random
vibration testing in the 300 to 3,000 Hz fre-
quency range (1).
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CONCLUSIONS

1. Although MIL-STD-810 contains most
vibration test procedures presented in MIL-E-
5272, plus a number of additional tests, and
has been available for use since 1962, only 11
percent of hardware specifications containing
vibration test requirements reference MIL-STD-
8104 or 810B.

2. Over 50 percent of the hardware specifi-
cations reviewed referenced the original
requirements of MIL-E-5272, These requirements
are based on 1950-55 technology. It appears
that hardware specifications should be revised
to reflect the latest Vibration Technology.

3. It would appear the most serious defi-
ciencies of some specifications are the limited
frequency ranges and the limited use of random
vibration testing requirements.

4, No Index exists of ‘iardware specifica-
tions containing vibration test requirements.
A survey of hardware specifications to identify
those that contain vibration tests is needed to
permit compilation of an index which would be of
assistance in determining requirements for
development of new and Improved vibration tests.

REFERENCES

(1) Phyllis G. Bolds and John T. Ach, "Inflight

Vibration and Noise Study of Three Helicopters,"
The Shock and Vibration Bulletin, December 1970,
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SPECIFICATIONS

A Panel Session

Moderator: Henry C. Pusey, Shock and Vibration Information Center
Co-Moderator: Clyde Phillips, 6585 Test Group, Holloman AFB

Panelists: Dave Earls, AFFDL, Wright-Patterson AFB
Robert E, Wilkus, ASD, Wright-Patterson AFB
A. R, Paladino, Naval Ship Systems Command
D, M. Lund, Naval Ship Engineering Center
David Askin, U, S, Army Frankford Arsenal
0. A, Biamonte, U, S, Army Electronics Command

OPENING REMARKS BY THE PANEL

Mr, Zarls: 1am going to talk about the
effectiveness in specifications and standards
from the standpoint of environmental failures
that are occurring in service, I want to tell you
about a few environmertal failures that occur
in operational aircraft, We conduct an array of
tests using all these specifications and standards,
and we assume that after 2 to 5 years these air-
craft are going to be operating satisfactorily.
What is the effectiveness after 2 to 5 years?

We had a contractor make a study of this, It

was a two year field failure investigation of 175
aircraft scattered mostly in Vietnam with some
on U, S, coasts, They made a detailed analysis
of the equipments that were failing and tried to
pin-point the environment that caused the failure,
They studied the failure analysis reports and
other documentation and made a good engineering
analysis of a selected group of these equipments
that they thought were failing environmentally,

It turned out that from the selected group 52
percent were .iling environmentally, Twenty-
one percent of the failures over the two year
period were because of temperature, 14 percent
were from vibration and 10 percent from
moisture, The rest were from related environ-
ments such as sand and dust, salt spray, altitude
and shock., The 52 percent of equipments that
failed for environmental reasons represents
12,000 failures per year, which is quite a goof -
up. What is this costing us? Fifty-five percent
of all environmental fatlures are from temper~
ature, and they cost us four and one-half million
dollars a year in one operational aircraft weapons
system, Moisture accounts for 1 1/2 million

and vibration 1.4 million, Temperature, moisture
and vibration are therefore tremendous problems
in operational aircraft, Out of these selected
equipments, these environments cost 8,3 million
dollars per year. We then estimated what it
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costs for the whole operational system. About
20 to 40 percent of the failures that we are
having in operational aircraft are environmental,
and they are costing us around 16 million a
year, Equipments in this particular airplane
were qualified to MIL-E-5272 and MIL-E-5400,
I think it is significant that 53 percent of the
field failures from vibration also occurred in
the qualification tests, This means that when
they ran the test they got failures, but in many
cases did not correct them, To solve this
problem we must provide good failure eriteria,
We are putting failure criteria in MIL-STD-810
which we hope will be directed toward correct-
ing this. People are not really correcting the
failures, they are not retesting equipment and
they are not getting fixes into operational sys-
tems, I have mentioned some environments
other than vibration but I think most of us are
environmental people in general anyway, Pres-
ent tests do not consider the frozen moisture
situation on an airplane taking off in the tropics
and going to altitude, The equipment freezes
and will not work at altitude, but when it is
checked out back on the ground, it is alright,
We have to start from scratch on this problem.
Many fatlures occur from forced air cooling
and we expect to put a test for this into the
standards, Some of our new aircraft systems
in the Air Force already have these types of
tests., We are working right now on a new
temperature-altitude-humidity test which we
want to put in MIL-STD-810, If we can take
care of some of these temperature, humidity
and vibration problems, we will eliminate a lot
of the field failures, I think random vibration
may be one of the answers, With our old test
methods using sinusoidal dwells, one cannot
really find the resonances and the ones you do
find are not the significant ones, I thinkwe need

.
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to test all the resonances using random vibra-
tion, We really need a functional test and an
endurance test, People talk about how high the
test levels are., As far as I am concerned they
shovld be functioning at that level, We should
even have a higher level for endurance because
there is a lot of fatigue in this equipment,
Equipment is breaking and falling apart in
service, In general, standards should be flex~
ible, You have to have an environmental engi-
neer or somebody who can apply engineering
judgement to a standard like MIL-STD-810,
You cannot expect to apply it across the board
without somebody putting in a little knowledge,
You have to have some flexibility and adapt-
abijlity, We expect to put more flexibility into
MIL-STD-810 if we can, Ialso feel that these
specifications and standards must be developed
for combat environment, Think of the mainte-
nance and man hours, 100,000 per year, just on
the thirty equipments in this operational system
Iwas talking about, I think anything we can do
to improve these specifications and standards
to make them really work certainly justifies
some expense, considering the cost of failures
in gervice,

Mr, Wilkus: It is pretty hard to apply a
standard; they are really only guides, They
might be used as guides to industry as to what
levels they must develop equipment, Over the
years people have asked for the vibration envi-
ronment of airplanes, It is like asking how
deep the ocean is, because the vibration varies
throughout the airplane, At Wright field, we
have an Aeronautical Systems Division in which
we have Systems Project Offices or managers,
The managers of these systems have systems
engineering groups which support all systems,
Iam in an airplane directorate which is struc-
tures-oriented, Iam in the Structures Division
and have the Dynamics Branch involving vibra-
tion and acoustics, There is also the Avionics
Directorate, There are a lot of people involved
in the procurement of equipment and a lot of
different attitudes, We have ours, The avionics
people may well apply a specification or standard
that they know, We in dynamics, treating envi-
ronmental vibration as structural vibration,
provide our own input to the requirements and
carry it up to the test specifications, Ona
major system we are going to define the envi~
ronment, either by measurement or prediction,
We are asking people to be reasonable, By
reagonable I mean they must do it our way, If
a reasonable ¢nvironment is 2 g, then that is
what it is, It may be 15 g like Mahaffy’s pre-
diction on the B58, In the aircraft industry they
negotiate the test requirements, In the case of
the B58 MIL-E-5272 was in the contract
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documents, but this did not mean anything, We
knew from some B52 experience, that in the
back end of the B58 we could expect at least

15 g, This was how the Mahaffy study came
about, It was a B58 contractor’s specification,
an estimate and prediction of what the environ-
ments were and a derivation of the test spec~
ifications that was reasonable, This is what
we adhere to in the Aeronautical Systems
Division. We will argue about what is reason-
able, but define what the environment is and
then proceed with the test, There are a good
many people who are arguing that the specifi-
cations are too high, and they are spending more
time arguing than testing, This is where a real
problem exists, Our prime function is to pre~
pare aircraft specifications, but we do get out
and do some testing, We do not xnow what we
are doing unless we know something about the
environment, We probably put more instru-
mentation in the RF-4C than has ever been put
in any airplane, We are utilizing this experi-
ence, We found that in the RF-4C no one even
considered the vibrations in the outer wing
where levels were so high the wing was stalling.
A compass transmitter was failing, We found
that the transmitter was tested at 10 g, but it
was on a rigid block, It is never installed in
the airplane this way, Nothing was measured
during the test, There was a requirement on
accuracy but that was measured a couple of
days later, These are just a few of our prob-
lems which may be enough to generate a little
digcussion,

Mr, Paladino: The standard that I am
going to talk about is MIL-STD-187, This
standard covers the requirements for naval
equipment including machinery both for inter-
nally and externally excited vibrations, There
are five types of test in this standard. Many
people are not familiar with the five types.
Type 1 is on environmental testing which in.
cludes testing for equipment to go on all types
of Navy ships. Type 2 is on internally-excited
vibration, which is better known as balance
requirements, Type 3 is for torsional vibra-
tion which is usually associated with gas tur-
bines or high speed equipment, Type 4 is for
longitudinal vibration which includes shaft and
propulsion systems, Type 5 is lateral excita-
tion associated with the shafting systems of
ohips, which are the lateral bending modes, I
will address myself primarily to Type 1, be-
cauge this really offers the most controversy,
A researcher in ship dynamics wants to under-
stand all the delicate forces that may act on the
ship, externally or internally, as well as under-
standing the structural response to such forces
and the vibratory energy transfer of the structure.
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The ultimate concern is to bring the vibration
to an acceptable level by having low input forces
if possible, and to provide design criteria for
shipboard equipment so that it can endure its
dynamic environment, Shipboard equipment
must be designed to enable the Navy to fulfill its
mission under any adverse environmental con-
dition, The philosophy in arriving at vibration
standards is a realistic approach that vibration
of shipboard structures cannot be prevented but

"only minimized, Vibration is generated by shaft

and machinery imbalance, variable blade fre-
quency due to nonuniform weights, sea waves,
wind, weapon firings and maneuvers, Equipment
mounted on the hull experiences the ships greater
vibration level amplitudes by some magnification
factor which should be kept as smali as pogsible,
1t is necessary to consider certain functional
threshold levels for equipment such 2s maximum
levels tolerable to have the equizinent operational,
levels at which the equipment is not operational
but functional so that checks may be made, and
levels at which equipment is neither operable
nor functionai, but does not sustain structural
damage or become a missile, Restrictions may
also exist whereby ships may have to reduce
speed in heavy seas to minimize sliding or
shipping green water, The area of ship dynam~
ics is rather complex and includes mechanical,
hydrodynamical and operational generation of
vibration, Response includes all kinds of vibra-
tion patterns and mode couplings which are
different at various ship locations due to struc-
tural configuration, Measurements at certain
locations may lead to erroneous conclusions or
at best to results which cannot be generalized,
Basically, the vibration amplitudes to which
shipboard equipment should be submitted before
installation on ships are given in MIL-STD-167,
The philosophy in arriving at this standard is a
realistic approach that vibratior of a ships’ hull
and structure is considered inevitable, We must
accept this, The standards are kept uniform for
all shipboard equipment, No difierentiation is
made for either type of ship or location on the
ship with one exception, namely mast-mounted
equipment, even though there may be areas on
the ship which may be vibrated at lower ampli-
tude levels than other areas, for example stern
versus midship, It must be mentioned that most
vibration standards for equipment testing for
ships, even in foreign navies or foreign commer-
cial ships, consider MIL-STD-167 as 2 guide,
The navies of NATO nations use it as a manda-
tory requirement, In fact there is no departure
from this standard, MIL~-STD-167 was last re-
vised in 1869, So far it has proven quite adequate
in all cases where equipment has been actually
tested in accordance with its requirements,
There are many cases of failure due to vibration,
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but not one instance is recorded where equip-
ment failed after 1t passed this test requirement,
When designing equipment for shipboard use it
is best to avoid a natural frequency which will
coincide with the natural frequency of a ship's
hull, Such a design i3 possible for a selected
ship and a particular mode of vibration, The
use of one type of equipment on different ship
clazses makes the objective unattainable, Asa
taxpayer, gentlemen, logistics is an important
thing, to have one piece of equipment on many
types of ships, As such the provision of this
standard to show that equipment is properly
functioning even at a natural frequency falling
within the testing range is considered mandatory
and shall not be by-passed, Finally, consider-
ing the response of ships in calm and rough
seas, can we successfully design shipboard
equipment to assure the proper functioning dur-
ing adverse conditions? MIL-STD-167 provides
the procedures for testing the adequacy of equip-
ment to assure that properly tested equipment
is placed on board ship. The frequency range
substitution in the revision of this vibration
standard has been taken down to 4 Hz and up to
50 Hz, Adequate design of equipment for fre-
quencies below 4 Hz should not cause any diffi-
culties when realistic calculation procedures
are applied, Selection of the location on the
ship for the installation of sensitive equipment
must be considered from an early design stage.
However, this equipment must also be submitted
to MIL-STD-167 testing.

Mr, Lund: I would like to cover two basic
points in my introductory remarks, First, for
our non-Navy friends, I would like to give you
a rough notion of just how the Navy specifies
shock requirements, The basic Navy shock test
specification fs MIL~S-901C, This specification
provides procedures for shock testing on the
Navy’s light weight and medium weight shock
machines and also on the floating shock platform,
The specification does not require shock testing
of anything, It applies only if it’s involved by
some other specification, The MIL-S-801C test
procedures are very generalized with the intent
that once an item passes the test, it should be
suitable for installation on virtually any ship and
in almost any location in this ship, In this
respect it is somewhat similar in philosophy to
the vibration gpecifications that Mr, Paladino
was addressing a moment ago. Next step up the
ladder is the equivalent specification .usually
referred to as the MIL specification which may
invoke MIL-S-901C, It may say that you shall
test all valves or all turbogenerators to MIL-~
5-801C, and that might be all it says, Hopefully,
the MIL specifications will support MIL-S-801C
by giving information, such as what the operating
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conditions of the equipment shall be during the
test, Which test {ixture shall be used in the shock
test? What are the acceptance and rejection
criteria? ‘The MIL specifications essentially
support MIL-S-80iC, but do hot supersede it.
Finally, we have the shipbuilding specifications;
these are specifications that the ship builder is
required to observe when he is building his
ships, First the ship building specification
indicates which shipboard systems requires
shock protection and which do not, For those
systems which require protection MIL-S~801C
is directly involved, provided that the item in
question is shock testable, which usually means
that it weighs less than 60,000 lbs, If the item
is not shock testable, a dynamic shock analysis
procedure is invoked, I will not go into detail
on that procedure except to indicate that this
provides an analytical equivalent of the shock
test, It gives the Navy an indication of the
shock resistance of the equipment, That, in a
nut shell, is how the Navy specifies shock re-
quirements,

The second type is one that I am sure that
we will hear more from tonight, but I will try
to stir things up a little bit, MIL-S-901C states
how to shock test something, what procedure to
use, but it does not tell you how many g’s you
are going to see, I get a number of phone calls
every year from people who ask “How many g’s
am I going to see?” For the benefit of those
people, I would like to offer a few remarks to
kick off what I expect to be a long discussion of
this matter, The first thing that I tell a man is
that I do not know. I try to convince them that
the Navy cannot tell him how many g’s he will
see, because it depends on the dynamics of your
requirement and upon the dynamics of the test
fixture that you select. You can see from 5 ¢
to 250 g, but I cannot tell you that until I know
exactly what your equipment looks like, If you
are still pressing it we will suggest you take a
quick cut at dynamic analysis of the equipment.
The Navy dynamic analysis requirements are
intended to address the same shock environment
that we are trying to address by the shock test
requirements, The dynamic analysis should, of
course, include the test fixture and you will get
some notion of how many g’s you will be seeing
during the shock test, I also find it is often
necessary to point out that despite the fact that
you have heard that 10,000 g’s were recorded
during the last shock test of some equipment,
you have no need to worry about this, This is
high frequency garbage that has practically no
damage potential, Just confine your worries to
the frequency range of interest, usually the first
one or two modes, Furthermore, even if I could
tell you how many g’s you are going to see on
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this test, that wiil not tell you if you are going
to pass the test, We have seen all sorts of
equipment pass the test because it is still func-
tionally operable, yet it is quite a bit bent up,
If you had used the yield as your failure crite~-
rion, you would have failed the test and would
have doubled the weight of the thing for nothing.
I suggest that you consult and carefully observe
all the guidance given in MIL-S-901C, There
is really a lot of good information there, This
information should suffice to get 95 percent of
you folks through the shock test with virtually
no problems at all, Finally, just to conclude
with 2 word of reassurance, I point out that we
have found that the majority of off-the-shelf
items that are shock tested to Navy require-
ments pass these tests, There might be some
minor modifications required, but not the kind
of thing that requires a full redesign. We end
up stiffening this part or that part and adding a
lock washer here or there, It looks pretty
terrible when that ham ner comes down but,
from simple observation of the shock test re-
sults, it really is not quite that bad,

Mr, Askin: It is a pleasure to be here to
talk about specifications and standards because
I have been in this field for many years, One
of the things that struck me from Wayne Yarcho’s
talk is that MIL-STD-810B, which originated as
an Air Force specification, is only being used
11 percent of the time by the Air Force, I
know, since the middle 60’s, the rule in the
Army had been to really try to use MIL-STD-
810B, I venture to say that we are using it for
at least 50 percent of all our current new pro-
curement specifications, We are having troubles
with it, but I am convinced that it is the best
specification that exists to date. The biggest
trouble with MIL-STD-810B is in its misuse.
Many people that write specifications do not
really understand it; they do not have the
faintest idea of how to write or to even distin-
guish between environmental criteria and envi-
ronmental test methods or procedures. Many
people confuse the limits of the environment
with a test specification, They will spell that
out as a test requirement, So I think the big
problem is in really educating specification
writers and writers of procurement documents
on how to use MIL-STD-810B, There is a
current revision of MIL-STD-810B now going
on in the three services and industry, They
have a big job on their hands in that there is a
iot of difference of opinion on the application of
this particular test specification, I think we do
have a basic document that is worthwhile, and
if its attacked diligently by the three services
and Industry in the present offort, we will end
up with a much more usable document than we
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now have, One of the things that we are now
trying to do is to issue along with the new stan-
dard a separate document on how to use the
MIL Standard, Ithink this will really helpa
lot. One of the big problems is to update the
various procedures as we learn more about the
actual environment, I you know what the true
environment is, that is the environment you are
going to use in your test laboratory and forget
about MIL-STD-810B, You can always get a
wziver on it if you can prove you know what the
true environment is, We, at my particular
installation, have attemnpted to get the true
environment on a fire control mounted in tanks
and helicopters because we felt that we have
been overtesting a lot of the equipment, espe-
cially the equipment meeting the existing MIL-
STD-810B, We made measurements on the
mounting pads where our fire control equipment
was to be installed and found in most cases, it
was considerably lower than the curves that are
now in MIL-STD-810B, Another area in partic-
ular with which I find fault is the resonance
dwell test, Many p~ople spell out a resonance
dwell test on equipment for which we never find
a resonance, Even if there was one, it would
be very hard to find it, Then, if you do find it,
the specification says dwell for one half hour

at each resonant frequency and that is one sure
way to kill almost any piece of equipment, It

is not realistic because in the field you very
seldom will find a resonance that occurs at a
discrete freguency, We talked to the Air Force
about this and we are proposing that maybe in
some cases we ought to try a sweep around a
resonance point instead of the resonance dwells,
One other mistake that has been made is to use
the same limits for vibration or shock testing
an item in all three directions, Very often you
know the equipment is going to be installed in
one orientation in which it will get its worst
shock or vibration, To indiscriminately require
a standard test in all three directions at the
same limits very often invokes a much more
severe test than you need, If the designer or
the specification writer will get together with
the environmental people before they set up
their test program, they will have a muck more
intelligent application of MIL-STD-810B,

Mr, Biamonte: Documentation formulating
the basic requirements for factors both for the
natural and induced stresses common to all
DoD military equipment is not available, We
do have a document, MIL-STD-210 which deals
with climatic environments that are coxnamon to
Army, Navy and Air Force and Marines, There
is no equivalent document covering the induced
environments for the Department of Defense,
Very obviously the reason that we do not have
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such a thing is that nobody has defined what the
environments are, The reason for this is that
there is an infinite number of variables re-
garding the induced environments, These are
man-made environments, those which occur as
the result of design of an end item such as an
aircraft, a space vehicle, a ship or a ground
vehicle, To try to define this is difficult al-
though there is no doubt that with regardto a
specific application we can measure it and find
the environments, However, our basic speci-
fications are designed to buy material for all
applications, Therefore we need a generalized
specification, Such a specification does not
exist, The specifications that do exist call for
tests based on past experience., There is a
difference between the requirements or criteria,
and the test, We do have a three-section and a
four-section to all military specifications, The
three-section calls out requirements, the four-
section calls parallel or equivalent tests to
prove out a particular requirement, I dare say
that industry does not care about the three-
section, They look at the four-section and
design to meet a test, This may or may not be
the equivalent of a real environment, With MIL-
STD-810 we tried to arrive at a common de-
nominator for the Army, Navy and Air Force
for all applications, It is quite an impossible
task, but we ended up in 1967 with a document
that tried to do these things. There are many
things wrong with MIL-STD-810, but my rec~
ommendation is to eliminate all documents
which call out tests rather than criteria, Refer
to MIL-STD-810 for any test that is in a four-
section of a specification, That is the only way
you are ever going to achieve any degree of
standardization, Again remember the docu-
ment is not perfect but new people can help
make it perfect by its utilization, I realize

the importance of the degree of standardization
that is required, In many cases there are
occasions whereby in a specification, the end
use environment is far more rugged than, for
example, the transportation environment and I
find in reviewing MIL-STD-810 there are
duplications of testing, If the environmernts in
which an end item is used are far more rugged
than the handling and transportation environ-
ments, let us not test for handling and trans-
portation, There has been some reference to
various procedures in MIL-STD-810, I think,
if I hear right, we might end up with several
procedures for vibration, I do not understand
why we should have more than two or three,
Vibration is vibration, Why we need 13 or 14
procedures is beyond me, The Army is con-
cerned, believe it or not, with aircraft and
marine design, We have more helicopters than
the Air Force and I am beginning to think we




have more barges and ships than the Navy,
Therefore, it is high time that we end up with

a single test document for all these
particular areas,

DISCUSSION

Mr, Panaro (IBM, Owego): We do environ-
mental analysls and testing on avionics equip-
ment, space equipment and shipboard equipment,
Presently, we are involved in shipboard equip-
ment, specifically submarine equipment, Ifeel
that some of the specifications we have designed
to were realistic, Why design for unrealistic
specifications if the environments are much
less than the criteria spells out? That was the
point, As far as MIL-STD-167 is concerned, we
are working to jt. I do not think the specifications
for shipboard equipment are that unrealistic, I
do not think the shock specifications are unreal-
istic, I do think that the specifications for
avionics equipment are definitely unrealistic,

I have gotten some information from China Lake
telling me that power spectral density levels
not exceeding 0.04 g2/Hz were observed in
actual flight conditions and they are testing in
specifications to 0,12 g2/Hz, from 20 to 2,000
cycles, To me that is completely unrealistic,

Mr, Paladino: We get many statements
that the standards or specifications are unreal-
istic, but gentlemen, we have human lives in-
volved, In particular, submarine type require-
ments, we have about 100 American boys on
those ships, We have lost two of our ships now
in peace time and it is a sadness to all of us
that we lost them, We in the Navy have decided
that we shall not lose a third one in peace time,
If the skipper or a man on the control station
calls for a command, and a piece of equipment
does not respond immediately, that submarine
and 100 human lives may be lost, We cannot
play this kind of game, MIL-STD-167 is not
unrealistic, Please do not look at it and go to
the Modal Basin or one of these Navy labora-
tories and get a specific report. These data
are taken under nighly controlled situations,
Everything is at a controlled speed, The maneu-
vers are not there, It is humanly impossible to
set up in one document, for a sftuation with a
ship underway, what the environment is going
to be under shock or vibration, So what do we
do? We pick a set of frequencies and ampli-
tudes. Sure, you can argue that the amplitude
is too high, but gentlemen all it is trying to do
is ferret out a resonance frequency, It is not
the standard that kills equipment, The standard
requires a maximum of 1,2 g at 25 Hz, Our
failures are not occurring at 33 Hz or at 25 Hz,
They are occurring at 8 or 8 Hz; this is about
0.2 or 0.3 g. Now, if you people who are designers
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tell me that this is an unrealictic specification
and say that our equipment cannot survive 0,2
or 0,3 g, Iwill not send my son on a submarine,

Mr, Turkheimer (Wyle Laboratories): I
think you have a very valid point when it comes
to the survivability and the reliability of the
equipment that yoar contractors are building
and the test laboratories are testing, I think
there is a need for it, However, sometimes
when you get down to the point of actually per-
forming a test, you wonder how realistic the
specifications are, We should know what goes
on upstairs and what is really realistic, This
is one of the problems that I foresee as we
come up with more sophisticated pieces of
equipment,

Mr, Wilkus: I can recall a previous
experience on Snark, Now this was at the
time when they had Snark infested waters down
here, There were some measurements the
contractor had mada, The frequencies were
limited to 500 Hz; actually they were limited
in shake capability to something like 500 Hz,
The instrumentation was indicating higher
frequencies, They were measuring something
like 40 g which seemed impossible, The re-
action of course is to start arguing about this.
Actually you should just start taking a real
look at the equipment, It was guidance equip~
ment and there were many problems with it,
The program was shut down and we set up a
program to go on a stand to fire the missile,
The question now was to et this stuff able to
meet the firing in natural environment, It was
tested to 40 g below 500 Hz, A little vibration
testing will do a lot of good even at 500 Hz,
You are principally ruggedizing the equipment,
This was done, and the first Snark that was
fired after people really took this to heart and
tested it and corrected difficulties in the equip-
ment went down range 6,000 miles the first
time and hit the target, It can be done,

Mr, Johnson (Hughes Aircraft): My
question Is on MIL-STD-167, Much of the
equipment we build is relatively large, In
almost every case these will be installed on
surface craft as opposed to the submarine.
Am I correct in assuming the primary reason
for going to 50 Hz was to include submarine
gear? Some of the other surface vehicles
such as hydrofoils and others do have a much
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higher frequency, Do the old figures of 33 Hz
and 25 Hz cut-off still apply to the larger
vehicles that could carry the heavier gear?

Mr. Paladino: The 50 Hz was added for
hydrofoils and the 33 Hz is primarily fur sub-
mersibles, The other two brackets are for
surface ships, The carriers usually fail in the
first bracket, The new version has included an
instruction on mass-mounted equipment, which
is what you are working on, The mass does
act as a cantilever to a soft structure which is
the hull which has low frequencies, They took
this into account.

Mr, Johnson: Is there some simple way
that we can find out in advance what frequency
range would be applicable for a particular piece
of gear, since they are generally designed for
a particular class of ship, In other words is
there a class listing of ships we could get?

Mr, Paladino: My suggestion is that when
solicited for a contract for equipment, you ask
the people what class of ship this is to go on.
If they do not know the answer our office, Nav
Ships 037, is available and we will direct you

to the proper Type desk which will give you the
answer you want,

Mr, Mains (Washington University): I
think it 1s possible to bring a slightly different
angle to this discussion which may be helpful
to both sides, When I hear speakers on the
platform say they cannot answer your question
because they are not a reliability type or be-
cause they are an analyst and do not know about
design, or perhaps they are a designer and do
not know about testing, this reveals to me the
fact that one of our principal troubles is suffer-
ing from tunnel vision, We see too much of our
own little speciality and do not take the trouble
to learn enough about the other guy’s problem,
Now about two years ago a manufacturer called
me and said that he had been asked to submit a
bid on the below~decks missile handling equip-
ment for a batch of destroyers, The prime
contractor said the equipment had to take 50 g;
what does this mean? Well, of course, it does
not mean anything, It simply means that the
prime contractor is misinterpreting the whole
business, So it takes about 6 or 8 months of
cycling back and forth through the system to
get to a point where there is sufficient under-
standing between the designer or manufacturer
and the guy who has a contract for ships to get
to the point where the designer can begin to
make a reasonable proposal that will eventually
allow him to design the stuff properly, I think
that this is one of the big troubles, It does not

25

really matter a great deal whether the speci-
fication says one number or another number,
somebody somewhere in the operation has got
to understand materials and components and
tests and environments enough to be sure that
the equipment when it gets designed will func-
tion properly. This is what we are really
after, Whether the specification is right or
wrong is not important and whether the con-
tract is right or wrong is not important, The
thing that is important is that the equipment
function properly when it is installed and in
service, I think we make too much of trying
to be explicit about everything, We can say,
for example, that the equipment has to go on
board a destroyer so the upper limit of fre-
quency is going to be about 25 Hz, So, if 1
design equipment that is resonant under 25 Hz,
it is going to flunk the vibration test, So I
know that the floor of the frequency is going to
be somewhere in the 25 to 30 cycle range so0 I
have a shock requirement, I the shock require-
ment is 60 inches per second, that says that
you will have 1 g of equivalent static load for
each cycle per second of frequency. You have
to give the designer some number to work with
to get this stuff sized so that the analyst can
begin to do something with the analysis and so
that the test men can begin to do something
with the test equipment, Somewhere you have
to begin, This means making some kind of
generalization about the conditions and the
equipment which will allow you to get started
in the direction that gives you a chance of
finishing properly, All I can say is that it
works if you go at it right, Then, when you
get to the shock test, you relax and everything
passes and there is no problem, When you get
to the vibration test you might have anut or a
bolt to fix here and there, but this is minor and
does not give you any trouble, When you are
all through, the stuff functions properly on
board ship, which is what you are after, So I
would argue for trying to stand back a little
bit and look at a somewhat wider view than is
portrayed in much of what I hear at these
segsions,

Mr,. Kilroy (Naval Ordnance Station,
Louisville): Somebody has introduced cast
iron into MIL-STD-1687 and I am having a hard
time getting enough shovels to pick up the cast
iron pieces. Do you know why it was intro-
duced into that standard?

Mr, Paladino: This is a type 3; it has
been in since the beginning. Type 3 was not
changed, I think you better read the old version.
We have had very little trouble with Type 3.
This is un torsional vibrations, The major
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changes were made to Type 1, ballast in Type 2
and longitudinal stresses in Type 4, We also
added mass-mounted equipment,

Mr, Xilroy: I still have a problem which I
will fake up with you later. In MIL-S-901, was
there a change so that we can have the report
form included in the specification. We now have
to send fifty cents to buy the forms. We cannot
do reports, because we cannot get the forms
sometimes,

Mr. Lund: That is a very easy question,
MIL-S~901 is currently under revision and will
be coming cut soon, We have a parting date of
January and all your wishes will be fulfilled,

Mr. Spang (Institutet for Miljdteknik,
Sweden): This question concerns the adoptinn of
international standards. When you are consid-
ering probable new revisions of MIL-STD-810
and MIL-STD-202 for component testing, do you
consider the adoption of test methods given in
IEC publication 68, which are the agreed inter-
national standards for environmental testing
procedures? You would perhaps say that those
testing procedures are not suitable for your
purposes, but in fact many of those procedures
are very much based on military procedures
used in different countries and on military pro-
cedures used in the USA, You have had a very
good participation in this international work and
you still have, both in the mechanical area and
in the climatic area. Therefore I would like to
note that I think it would be worthwhile to find
out your aims for the future regarding the adop-
tion of international standards in this field,

Mr, Earls: I have had no personal experi-
ence with the document you are talking about.
I have had some with NATO documents which
were based on MIL-STD-810, We are not con-
sidering the IEC standard as far as coming up
with a MIL-STD-810 is concerned, Most of our
input for MIL-STD-810 comes from the services
and industry in the U,S, We have not taken any~
thing from an international standard, so far,

Mr, Sg%: Actually, the shock.test in MIL-
STD- is almost identical to the internatjonal
IEC publication shock test, I do not know which
way it has come about, Ihave some idea by
asking some people in this country, There is a
lot of discussion at the moment on humidity tests
where the Americans are asking IEC and the 1SO
to adopt the U.S, humidity test in MIL-STD-202
for component testing, I think if you have no
intention at all in this country to care about
international standards, it could be rather diffi-
cult for the international bodies fo find reasons
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for adopting American standards as international
standards, Then you do not base your standards
on international standards? This istomea
little bit surprising,

Mr, Askin: The IEC standardization work
is not directly related to the MIL-STD-810 effort.
We have been concerned primarily with stan-
dardizing within the U, S., and that is-a-big
enough job in itself, We have not yet standard-
ized even within these three services. Isatin
on a few of the climactic standardization efforts
in IEC TC 50, and the U, S, did not have a
unified stand on the procedures, especially the
one on humidity that is still being thrashed out,
There is a basic disagreement between the
American approach to humidity testing and the
British. Iknow that we in the MIL-STD-810
coordination effort have not considered inter-
national standardization, and I think rightly so,
We first have to solve our own standardization
problem,

Mr, Paladino: The U, S, is cooperating
with both the IEC and the ISO, In fact, in this
country the American National Standards Insti-
tute has working groups, to one of which I belong,
and they tie in to the IEC, If we do not have
complete agreement in this country between
industry and the DoD community, in no way can
we make a united stand to an international group.
Many times the data that is involved in the DoD
requirements is not for open publication, which
makes it extremely difficult, We do participate
in international groups., We do have members
who go over to all the meetings,

Mr, Root: Iwas chairman of the S2W60
working group which corresyonds with group
TC 50, Charles Fridinger is now the chairman,
We are presently working with this IEC 68 docu-
ment, attempting to come up with our own U, S,
standard on sine testing, The consensus of the
committee at this time is there are some weak-
nesses in IEC 68 but parts of it will be incor-
porated into the standard along with documents
in use in the U, S, We are not overlooking this
document, but we do not think at this time that
it is a complete answer,

Mr. Spang: It is encouraging to know that
somebody here really knows something about

IEC publication 68 at least, Of course there are
weak points in publication 68; there are weak
points in MIL-STD-810 and in MIL-STD-202,
Especially as an individual you will always find
weak points because you have your own opinion
on how this standard should look, But, in fact

an international standard is worked out as a

kind of a cooperation between different countries,
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and all the countries have their possibilities to
change the standard if they can press their argu-~
ments hard enough, In many cases this publi-
cation 68 is actually based on American practice,
It might also be based in a certain degree on
English practices, especially this humidity test,
I happen to be in the working group which pro-
duced the original humidity test and I am not
completely happy with that test, Actually, if

you look at the other climatic test, the new dry
heat test, you will find that it better suits your
purposes. That is a test for heated test speci-
mens and-a-test for specimens which are con-
nected to an artificial cooling system, There

is also this method on random vibration testing
which is in the voting procedure, At the moment
as far as I know, there is no existing random
vibration standard, This means that you will
not have the same difficulties of adopting an
international standard, At least you should look
at this before you start working on your own
standard; that is the whole purpose of inter-
national standardization,

Mr, Pusey: Part of the purpose of this
session is to solve our family problems as far
as specifications is concerned, Do you have
this same problem in Sweden? °

Mr, Spang: Yes, we have, I think the prob-
lems are very similar, although we are fewer
people, The loudness is about the same but the
number of participants are fewer, We might
not be able to create a panel of this size, We
would only be about 4 or 5 people on the panel
and we might get about 60 in the room, but the
problems are the same,

Mr, Biamonte: Back in 1940-41 we got
involved in a great World War, and most of our
forward equipment we found deteriorated be-
cause of humidity, Humidity was an extreme
problem, The Department of the Army at that
time expended an extreme amount of money,
manpower, and material to run a program for
about four years evaluating humidity, kumidity
effects and humidity test procedures, If you
remember, the Air Force was a part of the
Department of the Army in those days, We have
been gathering data for 30 years to come up
with a test procedure, In MIL-3TD-810, we
have five test procedures, Why should we have
five testing procedures? I can understand a
steady-state humidity procedure, I can under-
stand a cycling procedure, but I cannot under-
stand why should we have five of them, Now if
in 30 years we cannot standardize within DoD,
how can we standardize with other countries ?
It is a difficult problem and possibly the only
solution is a dictatorship which will say this is
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the way it will be done and will be done no other
way. Perhaps if we stardardize for one proce-
dure right or wrong, we will find out whether
we are right or wrong and correct it, Believe
me, we are all concerned with the IEC and with
the international standards, but it is not an easy
problem, We have nine commands within the
Army and I cannot get standardization. It is not
an easy problem, but we are not ignoring the
international standards, It took so many years
up until now and it is going to take another 10
or 15 years before we get one standard,

Mr, Paladino: Iam not a humidity man
but I know that humidity is different on land
vehicles than on ships, It is differvent on an
airplane than on a tank in the Sahara Desert,
1t is not that easy., No one on this earth can
design a piece of equipment which will survive
the Army, Air Force, Navy and Marine Corp
environments., So you primarily fix your own
standards and design a specific piece of equip-
ment for them, In the Navy we are concerned
with ships and therefore all equipment will be
designed to survive ship environments, Air
Force and Army would do the same, The inter-
play comes in for example if the Army has
transported some equipment to a war zone and
they use the ship as a common carrier, Then
we have to be careful, I do not say that you
make them design Army equipment for the ship
environment, We had one case in particular
where the Air Force was transporting jet engines
to an island and they shipped them on a Navy
ship as cargo. When they got to the zone and
were checked out they fell apart, A little in~
vestigation showed that the ship vibration
Brinelled the bearings in the engine, We should
always package them in mitigating capsules and
we will have no more casualties, It is fine to
have one document, but I think you are going to
have to have families in that document for each
service environment,

Mr, Dreher (Air Force Flight Dynamics
Laboratory): Will Mr, Earls say something
about the new plans for MIL-STD-8107?

Mr, Earls: There is talk about two docu-
ments, The second document is called the
limits document, It is more of a requirements
document on what the actual environment is and
what the test limits should be. The test methods
document of MIL-STD-810 is just test methods;
this is how you go about it., But in the second
document. there is a rationale behind it, Further,
as Wayne Yarcho pointed out there are around
5,000 specifications, We were asked to review
thirty, or forty of them and we are not going to
bring all of theminto line with MIL-STD-810,
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It is the idea to eliminate as many of these
others as we can and, I think we can eliminate
some of them, We will put in MIL-STD-810
what thesa other specifications have where
rossible so that it can be used in their place,

Mr, Askin: Just to amplify a little on what
Mr..Earls has sald, we have to keep separate
the environmental criteria and the test proce-
dures. This is really a very difficult tagk that
a standardization group has taken upon itself,
The effort to standardize MIL-STD-810B for
all three services and to eliminate thereby a
1ot of the superfluous older standards that exist
is one of the main tasks that this committee
will have, One of the big problems is to try to
incorporate the Navy, Army and Air Force
standards that are current, Wherever they are
common we must try to reduce the number of
procedures, Right now the standard does not
really represent all of these services adequately.

Mr, Forkois (Naval Research Laboratory):
I agree with Mr, Biamonte to a certain extent,
For example, shipboard equipment that has
been passed to MIL-STD-167 and MIL-STD-801C
is pretty rugged, The Navy does not require a
transportation test on top of these tests, They
do require some protection for storage against
humidity and they have packaging for accidents
against marring or dents in the equipment, I
feel that a lot of equipment that I have tested to
Navy Specifications would certainly satisfy
truck or railroad transportation, A lot of the
equipment would satisfy aircraft transportation,
They may be a little heavy hut, if you put them
on isolators they certainly would meet the re-
quirement for higher vibration, So to this ex-
tent I agree with Mr, Biamonte, that in many
cases we have specifications which can embrace
other specifications, I think that it is silly to
retest to this extent, Perhaps these committees
would do well to consider the possibility of
eliminating some tests on the basis that one
test actually embraces the requirements of
another environment,

Mr. Johnson {(US Army Electronic Proving
Ground): We have a basic statement that the
Mil-Spec be written to require the manufacturer
to use a specific design method, That is why
we look at procedures 9 and 11 in MIL~STD-
810 as design methods, not as a finished product
to meet a service environments, That is why
we do not like to test with that procedure. 1
would like some comment on that,

Mr. Askin: You do not use MIL-STD-810
to design to, It is not intended for that purpose,
MIL-STD-810 is a test document, The design
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requirements should be spelled out in Section

3 of your specifications, That is where they
should tell you what environment you will see,
MIL-STD-810 is there for the purpose of telling
you how to run a test, You have to know what
design limits you have from other documents,

Mr. Biamonte: I believe Mr, Johnson has
a very valid question, The design requirements
for the procedures 9 and 11 in a specification
say that you shall meet rough handling in trans-
portation environments without defining what
they are, That is what is in Section 3 of the
document and that is what he is complaining
about, However, we do not have a definition of
these environments, So what industry does
through trial and error is to design something
that meets the rough environment of procedures
@ and 11, Procedure 11 is nothing more than a
simulation of the environment which loose cargo
would see in a vehicle, For an item being
driven as a part of a vehicle it is procedure 9.
What these environments are is very difficult
to determine, Some 20 years ago some work
was done in this area and it has been shown
that vibration excitation with extreme ampli-
tudes of about 30 to 40 g and frequencies over
a range up to about 2000 Hz are excited on the
individual item as loose cargo., With respect j
to procedure 9, we ask that the item be designed
to withstand repetitive shock impulses of about
10 g, This is all the data that is available,
However, to put this as a design requirement
might create a situation where a specification
is not important, A specification is very
important, maybe not from the technical point
of view, but certainly from the administrative
and contractual point of view, A specification
is a legal document; it is important, We do
not know what the environment is, We there-
fore say, and rightly so, industry has no
alternative but to design to an actual test,

Mr, Johinson: The particular part of the
procedure I was referring to was necesasarily
the second part, which is what you were refer-
ring to. 1am referring to the first part, which
is the 10 to 55 paxrt.

Mr. Biamonte: Somebody back in 1965
decided to print MIL~STD-810 as a coordinated
document, The Army Electronics Command
had a test where we ask {hat the item be adapted
to a plate which represented a vehicular adapter.
The first part of this test was a survey and it
was based strictly on development specifications,
We asked the contractor to survey the equip-
ment from 10 to 55 Hz at 0,03 inches ampli-
tudes to make sure that the vibration ampli-
tudes did not exceed a particular value, In past




experience, we found that if it did, the equip-
ment would fall apart when subjected to the
second part of the procedure, This was a
diagnostic test, It was one merely to look at
it, It did not have any criteria for acceptance
or rejection, However, when it got inserted
into MIL-STD-810, somebody decided that this
was a test and applied a criterion to it, We
never, if I can help it, hold anybody to the line,
If the item does not fall apart in procedure one,
we go right to procedure two and run the test,
and use only procedure two as a criterion, I
am sorry that has created a problem, but it is
in MIL-STD-810, and you are perfectly right;
it is a bad test,

Mr, Johnson: In MIL-STD-810 there is a
procedure eight which is for ground equipment,
That goes into detail as to what type of equip-
ment for what type of vehicle, Procedure
eight seems to be a single service environment
for the particular selection of equipment, Pro-
cedure 10 seems to be a field service environ-
ment for loose cargo or transportation, That
is what we want referenced in the specifications,
instead of procedures 9 and 11,

Mr, Biamonte: Ithink Mr. Forkois
brought it up very well before, Procedure
eight is an item in MIL-STD-810 which calls
out a specific environment, it talks about a
wheeled vehicle, a tracked vehicle or some
other kind of vehicle, There are three differ-
ent curves in procedure eight, Procedure 10
is what a particular group within the Army
called the Transportation environment or
common carrier test, which I do not want to
go into right now because that might take all
night, However, what has been happening with
our equipment is that when we call out proce-
dures 9 and 11, a particular testing group
would incorporate, regardless of our specifi-
cations, a common carrier test on the equip-
ment, This is where we run into a lot of
trouble, because a common carrier test calls
for resonance dwells, Idare say that there
is not a single piece of ground equipment that
I cannot make fail when subjectedtothe common
carrier test of MIL-STD-810, I do not care
who designed it; I could fail it, This is mainly
because there is no procedure within MIL-STD-
810 that tells you how to find the resonances
and what resonances you shall dwell on,

Mr, Mains: There are only, as far as I
know, three ways that a design reqairement
can be specified, You may specify a design
procedure which is to be followed to produce
the given piece of equipment, You may specify
a performance to be achieved within a given
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defined environment, or you may specify a

test procedure which is to evaluate the equip-
ment once it has been designed, Now if we
concede that everybodys heart is in the right
place and what we really want ig for this equip-
ment to work in the field, then we must specify
a performance within an environment, To
specify design procedures or to specify a test
begs the question, Right now, we are in the
anomolous position of having to try to satisfy
all three things simultaneously, but knowing
that the final criterion of acceptance will be
the test, It seems to me we ought to get oif

the fence and stop mugwumping, Either call
for performance within an envizonment and
shut up about tests and design procedures, or
frankly admit we do not know how to define the
environment and the performance and specify
the test, Shut up about the other things; set

up a design procedure for them to follow and
make everybody clear regardless of what
happens with the test or performance in the
final environment, You cannot be all things to
all people at once; it will not work, From the
standpoint of the manufacturers I have lived
with, they would prefer and I would prefer to
have a requirement for performance within J
the defined environment, We can do this, But
we know that as far as the Navy is concerned,
we have to pass that barge test, So we fix the
design to pass the barge test and if necessary,
we dress up the other things to fulfill the re-
quirements, This is not the way it should be,
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Mr, Pusey: Ithink you made a very good
point, The question of whether you design to
a test or whether you design for the environ-
ment is a very important thing, Unfortunately,
there are no ways to prove sometimes whether
you have designed to the environment, unless
you create a test which may be perhaps
conservative, and run it,

Mr, Lund: I think the barge test, although
you can criticlze it, is about the best alter-
native we have, We have given design methods
a hard try, We found that, if given the oppor-
tunity to choose between satisfying the Navy’s
dynamic analysis requirement or thz barge
test, most vendors really jump to the barge
test, It seems to be the preferred route, One
reason for this I think is the difficulty we had
in applying failure criteria, If we specify
design methods, we are forced to specify
failure criteria to go along with it, If we de-
sign to yield and if in our analysis we predict
stress above yield, that must be rejected
simply because we cannot constantly predict
what is going to happen to the equipment once
it starts yielding, However, many manufacturers




have gotten a bit smart with the shock testing
businees, including the barge testing business,
They have found that you need not design up to
yield in order to pass the barge test; you can
get away with much less in many cases, This
requires # lot of engineering judgement, of
course, and it is possible to make mistakes,

but we find that they are seldom made, There
are not many equipments that fail the barge test
and, when they do, no one is p~rticularly sur-
prised as to why they did. So I think the straight
testing procedure does have certain advantages
over the straight design procedure, What we
try to do here is mix these two procedures by
offering some guidance as to how to pass the
test, We leave the rest up to the good engineer-
iag judgement of the contractor,

Mr, Maing: This is something I think needs
to be said, Mr, Forkois, if you wanted to make
a piece of equipment pass a shock test you could
do so, and nobody watching over your shoulder
could tell the difference between your wanting to
make it pass or make it 1ot pass, When I have
produced three inches of IBM output of analysis,
I can make that analysis say everything is good
or everything is bad, and nobody in the world
can determine which I was trying to do, So the
real reason why the test is such an important
thing in the Navy end of things is that it is the
one criterion that is not rigged and cannot be
rigged as long as you play it square, I do not
know how many know the name, H, F, Moore,
but 30 years ago he was the grand old man of
materials testing, I remember a class under
him in which he gave out a batch of fatigue data
and the assignment was to take the stuff home
and come back with an argument that showed
this was a good material for the specified
application, We brought it back th? next day he
said take it home again and prove to me it is
not the right material for the specified appli-
cation, We brought that back, He had illus-
trated the point, that given the same set of data,
you can prove both sides of the question depend-
ing on how you present the argument, This, I
think, is a point we should all keep in mind, We
can slant the analysis or slant the test or slant
the test data interpretation any old way we want
to, As of now we depend on the barge test or
the hammer test to be an impartial kirnd of thing
if you like, adjudicated by people who are not
trying to make it go one way or another, So we
can all play it square and come out in the right
place in the end, we hope,

Mr, Nankey (General Electric Company):
I think there Is a very Important feature of the
shock and vibration design and test problem
that has not been brought up tonight, It is
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rather incredible that we have discussed shock
and vibration testing and design requirements
for some three hours new, and no one has
brought up the very important subject of the
impedance relationship between the driven sys-

tem and driving system, Iknow that there are

some people who are doing some research along

this line, Iam doing a little myself, We find

that it is central to the problem of obtaining
proper test and design procedures. We heard
the argument earlier that test specifications
were entirely adequate or maybe not stringent
enough, We also heard counter arguments
suggesting that perhaps test specifications are
too stringent. Both are right if you do not
experience a certain kind of frequeney blindness
that fails to separate high impedance produets
from low input impedance areas, Ithink a great
deal of this would be cleared up if we were to
recognize that when we are dealing with shock
and vibration and environmental problems, we
have a situation in which the driving point im-
pedance of products can vary over perhaps two
or three decades, At some frequencies we have
nearly infinite impedance reflected back to the
driving system. Other frequency domains have
nearly zero impedance reflected to the driving
system, Iwould like to hear some comments
from the panel on this particular aspect of the
shock and vibration problem,
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Mr, Earls: Ihave very little information
on the impedance situation, We have had some
limited investigations. I realize thatona
shaker you use an infinite impedance input
which is not the same as on the airplane, Ido
not think we have gone far enough yet,

Mr, Paladino: In the Department of Navy
the impedance type measurements are primarily
used in acoustic work. We have not used it in
the mechanical vibration test,

Mr. Biamonte: I do not think I can contri-
bute anything with regard to impedance mea-~
surements, We have not been doing it in the
Laboratory. I think the impedance type work,
where we are looking at signature shock effects
and so forth, should be limited to the investi-
gation leading up to a specific type test, Ido
not see how we could apply it to final test
specifications,

Mr, Ludwig (Pratt & Whitney Aircraft):
There are people working on impedance. We
saw a whole session on mechanical impedance
in the Shock and Vibration Symposium here,
There is a writing group, S2W58, working on
such specifications, I think I will leave it to
them to make the specifications, Impedance is




a very useful tool if used in the right place; it
can evaluate development hardware and it can
tell you a lot about it,

Mr, Dreher: It sounds to me as if every-
body 18 trying to say that maybe we should get
rid of specifications, We have to admit that
our business, getting equipment qualified, is a
very tricky business, It is not something that
some equipment project engineer can handle,

It sounds to me as if most of the specifications
are called out by equipment project engineers,
Let us assume that a radar engineer develops
a specification, In addition to having to be an
expert in radar and electronics, he also has to
be an expert in environment, Let us face it,
all people that T have talked to in that situation
tell me they wish they had someone to help
them out, We should take specifications off the
public market. Only an environment group
should handle them, Every development agency
should have an environmental engineering group,
engineers who know what an environment is all
about, Equipment project engineers should get
everything signed off by this group. The only or-
ganization that I have come across that really
does this is one aircraft company, This came
to pass simply because of the forcefulness of
the man in charge of the dynamics group, He
is the kind of man that does not let anybody do
anything without his knowing about it, He has
caused all the project engineers in his company
to come through his office, I think that is what
all of you are trying to say, that we need this
control,

Mr. Paladino: What the gentleman said
sounds very good but, for example, consider a
system like an aircraft carrier. It has the air-
craft, land type vehicles, radar operating equip-
ment, missile systems, and so forth, I cannot
walk on the water, That is why we have what
we call Type desks, They are specialists in
particular systems, DoD is highly concerned
about having an environmental desk, but the
thing is to staff it with competent engineers,

Mr, Biamonte: Iwould like to commend
the gentleman who suggested getting rid of
specifications, Iwould like to get rid of speci-
fications, also. I do not know how many industry
people we have here, but is there anybody hefe
from industry that is willing to sell to the
government on a warranty,

Mr, Dreher: You missed my point, I do
not want to get rid of them; I just want to take
them out of the public é¢ymain,

Mr, Wilkus: I can remember Dr, Rogers

31

back in the old dynamics group at Wright Field,
He came up with a simple specification for
noise, He did not put a number on it, He had
letters ABC and there were numbers that
associated with these letters, but it depended
on the application, I appreciate what Dr. Dreher
had to say, but I do not know whether wve are
going to get that many environmental engineers,
In my opinion what we need is some better
guidance on testing, Engineers have to be
taught, We have problems such as: What is a
resonance? I do not know even whether we can
agree on what a sine wave is, Sometimes, it
comes to that, There is a proposal to come

out with a document to define procedures, I
think that is what we are lacking, For example,
if we improve the equipment in aircraft there
is a man back here worrying about the levels,
Now he may be trapped in that, but there is an
alternative of location, A lot of people do not
know that and they do not ask the question: Can
it be relocated? It is amazing how much work
is done on things like damping materials and
when we look at vibration in a piece of equip-
ment, we find out that it is resonant and mag-
nifies the vibration quite a great deal. Iwould
have encouraged that it be worked on some
more, But maybe these things need to be
proven and a little bit more solid in‘ormation
put out,

Mr. Agkin: Iwould like to agree with
Dr, Dreher and Dr, Mains, I think there are
two basic problems, One is the age old prob-
lem of communications, There is not enough
intelligent communication between the designer,
the tester and the environmentalist, The second
is the parochial view taken by the designer, He
thinks he knows everything, He does not want
to come to an environmental engineer to get
any help, I think these environinental engineers
have to become more aware of the problems of
the designer, It has got to be a joint effort.
All of this means more research to find out
the actual environment that we have to design
for and test for., We have to educate top level
people in the government to fund more of this
research, Industry also should do more
research when they are designing something
new, If they came to the government and
pointed out what information they have and how
valid it is, they can jointly reach an agreement
on what specifications ought to be used, It is
basically a matter of better communications,

Mr, Lund: Starting about the mid 1950’s
the Navy got quite serious about the shock
problem due to installation of very shock-
sensitive systems on ships, such as electronic
systems and delicate weapons systems, At
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that time we also had a development of the
nuclear weapons threat, and this hadled to a
rapid rate of change in shock requirements,
This is one thing you folks put up with quite
admirably, This goes for the contractors and
the Navy. If it is any comfort to you, I think
we have about stabilized the situation, I really
doubt that we will see major quantum jumps of
the sort you have seen in the last 10 or 15 years
in the shock business, Judging from the re-
sponse tonight, the shock troops do not seem to
be in very deep trouble. I do not think we will
get you back into trouble again, at least for
some time to come,

Mr, Phillips: I have reached a conclusion
that we should not do away with all the specifi-
cations, This is a method of communicating
and it should be considered just as that, It is
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a method that hopefully will get better as we

use the specifications and can interpret them

better. Ialso reaffirm my conviction that one .
of the most important paragraphs in MIL-STD- f
810 is in the original version as one of the

paragraphs in the beginning, It was an intro-

ductory remark that this standard should be

used only if you did not have soniething better,

If you knew the operating environment better

than stated in the standard, then you should

definitely use the operating environment, In

other words it is to be used as a guide, This

paragraph should certainly be in the next

version and underlined. This would clear up

a lot of the problems. Look at the final prod-

uct and the final environment and get there

the best way you can, If you can use the

standards use them, but if you have something

better by all means use that,



SOME ADMINISTRATIVE FACTORS WHICH INFLUENCE TECHNICAL
APPROACHES TO SHIP SHOCK HARDENING

Doirald M, Lund
Naval Ship Engineering Center
Hyattsvilie, Maryland

This paper briefly examines tiie tectnical side of a few
administratively-oriented factoes which are of importance
to the Navy's ship shock hardening effort., Tt is illu-
strated that these factors will increasingly influence the
selection of technical approaches to ship hardening.

BACKGROUND

The general objective of the Navy shock hard-
ening effort is to fully optimize the shock
resistant qualities of Navy ships., All fac-
tors which must be accounted {cr in order to
optimize these qualities cannot be meaning-
fully discussed in a brief paper of this sort,
but a review of basic considerations is needed
to establish a context for subsequent dis-
cussion., For purpose of this review, all fac-
tors which influence the optimization of ship
hardness have besn loosely separated into four
categories; each category is defined uad die-
cussed in the following paragraphs:

1. Threat Factors., Potential shock
threats are posed by any sizable weapon,
nuclear or conventional, self or enemy-de-
livered, which can detonate underwater in the
vicinity of the ship (primarily, influence
minas/torpedoes, near miss conventional bombs
or missiles, and far-miss nuclear weapons).
Threat considerations are strongly mission-
oriented, and include:

(a) Likelihood of exposure tec enemy-
delivered underwater explosions, in an abso-
lute sense and relative to likelihood of ex~
posure to other types of enemy-delivered
weapons effects,

(b) Requirements to intentionally
encounter the shock environment in connection
with mission roles (sweeping and destruction
of mines, for instance),

(¢) Benefits associated with cap-
ability to withatand close-in self-delivery
of weapons which induce shock (primarily, ASW
veapons) .

2, Vulnerability Factors. These factors
express the vulnerability of ships to shock,
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either in absolute terms or relative to other
weapon effects. When considered in conjunc-
tion with threst, neci for shock hardening of
various ship systems can be determined and
compared tith need for hardening against other
weapons effects. Such an analysis permits
development of a total hardening approach
which affords logically balanced (thus, opti-
mum) resistance against all weapons effects.

3. Shock Haruening State-of-the~Art Fac-
tors, These factors essentially serve to de-
termine which specific technical approaches
could be employed -- either now, or possibly
later after further research and development
~- to reduce the vulnerabili‘y of ships to
shock. Technical confidence levels are gen-
erally associated with all alternatives in
this category; these confidence levels can
vary in accordance with shock severity, typs
of shipboard system urder consideration, and
a number of other variables, Given a detailed
ship design baseline, knowledge of the state-
of-the-art, and a basis for shock hardening
which has been optimized from a threat/vulner-
ability standpoint, one may select technically
optimized approaches to hardening of the ship
in question. By definition, this process"
yields maximum shock hardening effectiveness.
Were it not for the influence of administrative
factors (as defined below), all Navy RDT&E
programming in the shock area amd all ship-
building specification shock requirements
would reflect a single and outwardly desirable
goal -- to fully optimize the shock resistant
qualities of Navy ships through development
and application of technically optimized
hardening procedures,

4. Administrative Factors. For purposes
of this paper, these are defined as factors
which influence administration of the Navy
shock hardening effort but which are not based
upon shock threats, vulnerability to shock, or
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shock technology. The most noticeable effect
of these factors is one which all of us have
probably regarded with varying degrees of dis-
comfort from time to time; they serve to mod-
ify technically optimized approaches to ship
hardening in response to outside influences of
questionable character, such as schedules, con-
tracting regulations, availability of funds,
and the like.

Most members of the technical community which
supports the Navy shock hardening effort are
naturally well informed concerning vulner-
ability and state-of-the-art factors which
influence ship hardening optimization. Some
threat factors are given less publiecity within
this community due to security restrictions,
but technically-oriented information in this
area is nonetheless available where needed.

Relative to the factors mentioned above, ad-
ministrative factors are not so widely under-
stood or appreciated by many members of the
technical community -- despite the strong in-
fluence which these factors exert upon ship
shock hardening technical progress and the
structure of technical tasks performed in
support of this effort. This phenomenom is

of course easily rationalized; some members of
the technical community are simply not very
interested in administrative affairs, others
vho might be interested may find no easy or
sympathetic lines of communication open to all
levels of the administrative community, and
some administratively-oriented topics are
rather sophisticated in their own right and thus
are not easily interpreted by persons lacking
background in this area.

There is little question that the above situa-
tion merely reflects the natural order of
things -- an order strengthened, perhaps, by
purposeful organizational divisions which have
been erected in part to protect technologists
from administrators and vice~versa. Nonethe-
less, there is equally little question that
the shock hardening effort will progress with
maximum efficiency if all of its participating
supporters can recognize and thus account as
necessary for all of the major factors (in-
clufing administrative factors) which influ-
ence achievement of basic hardening objectives.

Against this background, some administrative
factors which the writer believes are most
influential in determining selection of tech-
nical approaches to ship hardening are briefly
discussed in the following section of this
paper. The intent of the following dis-
cussion is definitely not to make the technical
community expert in the field of administra-
tive affairs (it will not), but rather to con-
vey a basic but perhaps improved understanding
of how and why certain administrative factors
influence selection of technical approaches

to ship hardening.
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DISCUSSION

Since the Navy and supporting contractors are
engaged in a great variety of efforts which in-
volve selectlon of technical approaches to ship
hardening, it would be appropriate at the onset
of this discussion to clarify which of these
gelection processes are being referred to. Gen-
erally, this discugsion is keyed to issues di-
rectly applicable to shipbuilding per se, and
the technical approaches in question here are
generally those which are invoked as r.xwhec~
merts in shipbuilding specifications. This ap-
proach was selected for several reasons. First,
shock hardened ships represent, in one way or
another, the end product of all of our efforts.
Second, it appears certain that the vast major-
ity of technical manhours being expended in sup-
port of the ship shock hardening effort are, in
fact, being spent in direct response to ship-
building specification requiremsnts. Finally, it
is in this area that administrative influences
are most pronounced; ship acquisition managers,
who are not card-carrying members of the Ravy
Shock Program, are responsible for implementing
ship hardening requiremsnts.

The fact that this discussion is largely keyed
to shipbuilding is not considered particularly
limiting. Selection of shock-oriented applied
research goals, for instance, is strongly in-
fluenced by the knowledge that most RDT&E
accomplishments must eventually Le reflected
in shipbuilding specifications in order to
banefit the Fleets,

Emphasis will be given in this discussion to
only three basic administrative factors: Procur:-
ment policies, cost considerations, and schedul-
ing considerations, This choice of discrssion
topies simply reflects the principal functions
of the ship acquisition manager's job--ic ac-
quire ships within the constraints imposed by
procurement policies, scheduling constraints,

and fiscal limitations.

lavy procurement policies will be considered
first. Some fundamental points:

1. A body of law has evolved over the years
which is applicable to povernmsnt procurements.
This body of law is reflected in the context of
NOD policies in the Armed ServicesProcuremsnt
Repulations (ASPR), Navy procurement policies,
in turn, essentially establish how the Kavy shall
fro about procurin- poods and serviess within
the framework of ASFR.

Y+ One of the first svaps which the Navy takes
when plannin~ a ship procurenment (or any other
procur+ment) is to select from available alterna-
tives the procurement procedures which are best
suitgd, lepally and otherwise, tc the acquisition
in question., GSelec~tlon of procuremsnt preeeldures
is normally accrmplishei well in advance of the
s lection of shock requirements for the ship in
question; early selectlon of procurement pro-
aelures is absolutely mecagsary to plve directlon
to the acquisition proecess,
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3, Central to the process of selecting
procurement procedures is selection of con-
tract type. Two general categories of con-
tract types are worthy of brief attention
here:

(a) Fixed Price Contracts. Under any
type of fixed price contract, the contractor
rust assume at least some responsibvility
(hence, risk) for performance in accordance
with contract provisions at a previously
agreed upon price. In order to remain com-
petitive and maximize profits in an atmoa-
phere of fixed price contracting, the contrac-
tor must constantly strive to devise more
efficient ways of doing business and must care-
fully control his costs., The principle pre-
requisite to fixad price contracting is that
the nature ari extent of contract effort must
be sufficietly well defined to permit realis-
tic advance estimation of contract cost.

(b) Cost Reimbursement Contracts. If
cost of contract performance cannot be realis-
tically estimated in advance -- as is often
the case with research-oriented or research-
dependent efforts -- the government generally
assumes the bulk of cost risk through issuance
of gsome type of cost reimbursement contract.
Such contracts commonly provide for payment of
costs borne by the contractor, plus profit
(fee). Contracts of this type are generally
more difficult to administer than fixed price
contracts, and provide the contractor with
1little real incentive to hold down costs.

4. Owing to the above considerations,
ASPR and derived Navy policies require appli-
cation of fixed price contracting procedures
whenever feasible. When a new design ship
class is being procured, some work under cost
reimbursement contracts may be required for the
purpose of more fully developing new concepts
applicable to the ship in question; output
from these contracts serves to definitize ship
design and performance requirements to the
point where subsequent design amd construction
efforts may be accomplished under some type of
fixed price contract, Despite this potential
opportunity to address some shipbuilding re-
quirements under cost reimbursement contracts,
it remains that procurement policies strongly
ancourage develcpment of shipbuilding specifi-
cation requirements which can be applied
directly under fixed price contracts, and dis-
courage the specification of requirements
which can only be addressed under some type of
cost reimbursement arrangement.

The first two points cited above suggest the
general relationship (or pecking order) be-
tween shock requirements and procurement
policies. HWe find that the laws of physics
and the "laws of procurement" possess capa-
bility to exert a similar overall influence
upon how we harden ships, since in their own
wvay they both ordain what can or carnot be
done ~- and neither will yleld readily to a
desire on our part to do otherwise. The second
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two points suggest that procurement policies
will, in fact, exercise their prerogatives --
they will influence the selection of technical
approaches to ship hardening, This influsnce,
which largely reflects the firmly established
need to implement shock requirements within
the frameswork of fixed price contracting con-
straints, may often be evidenced in ways which
tend to counter technical considerations. Ex-
amination of only three issues which have a
bearing upon the technical quality of Navy
shock requirements should be sufficient to
11lustrate this point:

1, State-of-the-art., From a purely
technical standpoint, the best approach to
ship hardening is the latest approach -~ the
one which incorporates all new technical
findings. From a procurement policy stand-
point, the best approach is the way we did it
last time, because industry's experience with
the previous requirement serves to establish
a good basis for advance estimation of the
cost of fixed price contract performance.
Some measure of shock requirement "newness"
is of course acceptable., However, it is to
be expected that those who are in contention
for the contract (hereafter referred to as
"bidders") will compensate for their lack of
experience with new shock requirements by
factoring some "worst case" assumptions into
their cortract bids, Cost to the Govermment
will thus 1likely be driven in an upward
direction for reasons solely associated with
the newness of the requirement, an undesir-
able effect, Of course, bidders may declare
any major alteration of shock requirements to
be unbiddable on a fixed price basis if they
cannot estimate ita cost implications with
reagonable confidence., As suggested by pre-
vious discussion, such a happening will more
often force alteration of the shock require-
ment than alteration of procurement procedures.

2, Conmplexity, The researcher right-
fully observes that shock is a complex dynamic
phenomenon which cannot be rationally addressed
by simple rules such as "design everything to
withstand 60 G!'s", Consequently, as we learn
more and more about shock and all its vagaries,
proposed technical solutions to shock problems
tend to become more complex. Procurement
policies will favor that easily priced out "60
G" requirement, however, If any shock require-
ment is very complex, the bidder may realize
that he simply hasn't time (within the period
allotted for bid formuiation) to fully eval-
uate the impact of the requirement upon costs,
His options in this case include development
of conservative (protective) cost estimates,
requesting more time to formulate a bid, or
refusing to bid. None of these options are
administratively pleasing.

3. Influence of installation variables.
Inasmuch as equipment shock response can be ‘
dependsat upon installation variables such as [

type of ship, location aboard ship, nature of
supporting u%ructure, and location of adjacent
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major masses, it would be technically desirable
to express shock requirements in terms of
these installation variables. In that way,
resultant equipment designs would better and
perhaps more economically refléct actual
needs associated with a specific shock en-
viromment. (As is, Navy shock requirements
are often predicated upon somewhat conserva-
tive assumptions in order to address the gen-
eral case.) The procurement adminstrator
would likely view the improved technical
approach with skepticism, however ., He would
probably point out that the contract bidders
will not know, at the time of bidding, ex-
actly how or exactly where most shock resis-
tant equipments will bs installed, (The
successful bidder mey not even have this in-
formation at the time he must place orders for
the equipment, in fact). Therefore, the bidders
will understandably make conservative assump-
tions when estimatin, costs, which leads us
right back to vhere we were when the Navy was
predicating requirements on the basis of con-
servative assurptions. Or beyond where we
were before; estimates of comtract performance
cost may be somewhat higher than would have
been the case if the original requirement had
becn invoked, owing to the newness and added
complexity of the requirement.

The impact of fixed price contracting con-
straints upon selection of technical
approaches to ship hardening is reasonably
evident from the previous discussion, Basic~
ally, we find that this particular adminis-
trative factor will always serve to promote
simple, straightforward technical approaches
to shock hardening, It tends strongly to
limit important shock design parameters to
those which can be determined in advance of
detailed ship design (during the bidding
period), and serves to resist rapid change of
technical approaches.

It should be noted that the atove administra-
tive influences do not flow only from the Navy
side of the house, Shipbuilders and their
attendant sub-contractors obviously view fixed
price bidding issues from a frame of reference
difference than the Navy's, but this really
makes little difference. When faced with lack
of firsthand experience with a new or very
complex shock requirement, the bidder is
immediately faced with some difficult de-
cisions: Assume the worst case (protect
company profits by reducing cost risk), or

bid less conservatively in the interest of
being the lowest bidder? Tell the Navy I
can't bid the job on a fixed price basis
{perhapa conveying the impression that I'm

not as technically astute as my competitors),
or give it a try? No one likes to be faced
with decisions of this sort. The fact that
Navy and industrial procurement administrators
will arrive at similar conclusions (for per-
haps different reasons) concerning the ad-
mizdstrative worthiness of shock requirements
j8 not surprising; the governing procurement
poliniss are intended to protect the free
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enterprise system (including its industrial
participants) as well as the Navy's ovn
interests.

One other aspect of Navy procurement policies
should be considered in this discussion ~--

the issue of competition. We all enjoy the
benefits of free and active -industrial com-
petition, which tends to keep prices down
while promoting quality and improvement of
goods and services, Navy procurement policies
reflect our own feelings in this respect; they
insist that competition for Navy'!s business

be encouraged to the maximum extent practical.

The influence of procurement policies appli-
<cable to the competition issue is twofold.
First, these regulations tend to discourage
implementation of technical approaches which
are 8o technically specialized that only a
few (or worse, only one or two) bidders can
realistically compete for the contract in
question. Thus, they effectively favor rea-
sonably straightforward techrical approaches,
and favor approaches which do not demand
possession of specialized facilities. The
secord influence of policies in this area is
slightly more subtle; they inveigh against
many types of highly tailored contract re-
quirements, even though the requirements in
question could be satisfied.by many different
contractors. Take for example a previously
discussed hypothetical shock requirement,
which was expressed in terms of a particular
shock enviromment defined by type of ship,
location snboard ship, nature of supporting
structure, and location of adjacent major
masses. Any contractor who satisfies this re-
quirement during the course of a given ship-
building program will possess a decided com-
petitive advantage in a follow-ship program or
in the event that some other shipbuilding pro-
gram finds need for the same equipment type to
be installed in a correspording shock environ-
ment. Conversely, this contractor may find
himself somewhat outside of the sphere of real
competition 1f his previous shock qualification
cannot be extended to the next potential appli-
cation., 1In either case, desirable competitive
advantages are mitigated by the nature of the
speciallized shock requirement.

Again, the Navy is not the only party inter-
ested in the issues discussed above. One can
count upon an expression of righteous indig-
nation from any well established Navy supplier
who suddenly finds himself effectively excluded
from active competition by a difficult shock
requirewent. The usual private industry re-
sponge to a highly tailored shock requirement
of the t;pe exampled in the previous paragraph
is equally understandable: "But, how can I
shock-qualify my equipment so that the shock
qualification will be applicable to a variety
of shipboard installation requirements?" In
either case, the naval supplier is simply
geeking an opportunity to effectively compete
for Nevy business, an objective which is fun-
damentally coincident with the intent of the
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Navy's own procurement policies.

I+ 18 interesting to note that the impact of
the competition igsue upon selection of
technical approaches to shock hardening re-
inforces the impact of fixed price contracting
constraints. The former administrative fac-
tor, like the latter, serves to encourage im~
plementation of shock requirements which are
technically straightforward, and discourages
highly tailored "case basis" hardening
approaches.,

This discussion now turns to the subject of
cost considerations. Little need be said con-
cerning the busic impact of cost factors upon
selection of technical approaches to ship
hardening; we all know that Defense Department
dollars are in critically short supply, and
that cost factors will always stropgly favor
the least expensive hardening approach., It
may be instructive, however,to examine how
certain shock hardening parameters and hard-
ening approaches can influence cost (and
vice-versa).

First, consider hardness level -- the level of
shock severity which is to be addressed and
effectively defeated through implementation

of ship hardening requirements. Figures 1, 2,
and 3 1llustrate how the major direct con-
tributors to hardening cost might be generally
expected to vary with hardness level., Require-
ments that ships be capable of resisting sea
motions and shipboard vibration largely serve
as functional substitutes for shock require-
ments until we arrive at a shock severity
level where shock loads can exceed these other
environmental loadings, In order to achieve
adequate resistance to shock severities above
this "ipherent protection level", we must in-
voke shock design and shock test requirements
on a very broad scale., Figures 1 ard 2 re-
flect this consideration. Once invoked, shock
design and shock test cosis can be expected to
increase only slightly with increasing shock
severity. Important shock testing costs which
do not vary significantly with shock test svel
are costs associated with shipment of equip-
ment to and from test facilities, installation
of the test item on the shock testing devire,
labor costs associated with running the test,
and post-test teardown and inspection. In the
area of design, cost associated with initial
shock design checkout of proposed designs does
not vary significantly with hardening level.
The modest increase of shock testing and shock
design costs with increasing hardening level is
largely attributable to the fact that more and
more equipment areas become critical from a
shock standpoint as hardness level increases,
which implies increasing requirements for re-
design and retesting. Design costs will
eventually increase rapidly at the point where
it becomes necessary to design a significant
amount of shock resistance into baslc ship
structure -~ hull plating/framing, decks, bulk-
heads, and the like. Ship construction costs
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solely related to shock will begin to in-
crease at a more rapid rate than test or
design costs as increasing level cf protection
overtakes the individual inherent shock re-
sistance levels of various types of shipboard
equipments and foundations. Principal costs
in this area are assocliated with the "beefing
up" of structural members, which adds labor
and materials cost. These costs will begin to
rise sharply at the point where protection
levels begin to surpass the level of inherent
hardness assocliated with the hull and other
basic ship structure.

Figure 4, which represents a composite of costs
shown in Figures 1, 2 and 3, illustrates how
cost considerations are likely to influence
selaction of hardness levels. If hardening
payoff is low, "hardening'" within region mA"
of Figure 4 will likely be the most attractive
choice. If payoff is medium to high, hardening
to some level within region "B" is indicated.

In connection with the above, we might also

congider how cost considerations influence the

potential for alteration of hardness levels

from those currently specificd to some other

value, Figure 4 reflects steady state con-

ditions, i.e., conditions which exist after *

the hardnesc level in question has been in-

voked for a long pericd of time. Figure 5

illustrates the effect of sudden alteration of

hardening level from point ®A" (an agsumed

long-established level) to any other level.

We find that decrease of protection level re-

sults (as expected) in a cost reduction, but

costs do not drop immediately to steady state

levels due to the influence of design standard-

ization., Increase of protection level will

first reduce or completely wipe out the

applicability of previously conducted shock

tests and previous shock design analyses -~ '
an important factor. Significant increase of

protection levels would lead to at least partial
obsolescence of currently available shock testing

devices, and would naturally imply requirements

for shock hardening modificatién of many

currently acceptable shipboard equipments, :
Therefore, cost considerations tend to keep
hardening levels constent, and particularly
inveigh against even a modest increase ol well
established hardening levels,

In the previous paragraph, reference was made
to a most important shock program resource:

The large reservoir of equipment designs which
have been previously approved for installation
on shock resistant ships on the basis of satis-
faction of still-current shock test require~
ments, Present Navy shock test procedures are
rather generalized in the sense that a conserv-
ative shock environment is usually represented
during the shock test, rather than a specific
environment associaned with a specific ship and
shipboard mounting arrangement/location. This
approach permits broad application of "shock
test extension" policies, which permit accept-
ance of previously shock tested and approved
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Figure 1
Shock Testing Cost vs. Hardening Level

Figure 2

Shock Design Cost va. Hardening Level

Figure 3
Added Labor and Material Cost vs. Hardness Level

Figure 4
Composite Hardening Cost vs., Harduess Level
(Steady State)

Figure 5
Composite Hardening Cost vs. Hardness Level

(Transient)
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equipments for subsequent installation in
various locations on almost any type of ship.
Furthermore, these policies permit acceptance
of untested equipments if they can be shown
to possess a degree of shock resistance equal
to or better than that of a gimilarly-designed
equipment which has already satisfied the
shock test requirement,

It is clear that contimuing growth of our
reservoir of previously shocx tested and
approved equipments is playing a very major
role in reducing ship hardening costs. The
majority of shock hardened equipments being
installed aboard combatant ships are now
being accepted on the basis of shock test
extension, and the tremd could no doubt con-
tinue until, at some not-too-distant date,
nearly all equipments will be accepted on
this basis. It is equally clear that the cost
conscious Navy administrator will instinct-
ively resist adoption of technical approaches
which could lessen the potential for shock
test extensions, i.e., approaches involving
increase of hardening level or tailoring of
shock test requirements to reflect apecific
shock environments in specific ships.

Similar considerations apply to our other on-
board shock program resources, It would be
quite undesirable, from a cost standpoint,

to adopt new technical approaches which would
significantly reduce the potential for utili-
zation of presently available shock test faci-
lities, shock design resources (computer pro-
grams, able personnel, etc.) amd related in~
dustrial capabilities/facilities. These re-
sources have rot been easily won; any technical
rationale which leads to their dismissal must
therefore be extremely compelling,

Before closing this portion of the discussion,
it might be worthwhile to briefly summarize
all principal cost considerations which would
normally be given administrative attention
during the development of shock specifications.
These are as follows:

1. Direct labor and material costs., In-
cludes only those costs directly and immediateliy
associated with satisfying the requirement, such
ag shock design costs, shock testing costs, cost
for "beefing up", and the like,

2, Indirect labor and material costs, If
satisfaction of the requirement entails
addition of weight, it is possible that the
ship will have to grow (increase in length,
beam, or both) in order to accomodate the
welgu® inecrease. (Weight which is added low
iz the ship may serve only to decrease re-
quirements for ballast, but weight added high
in the ship can be penalizing). Shock re-
quirements which entail added space require-
ments can also exert a direct effect upon
ship growth in some cases., Ship growth, of
course, implies added cost; more hull and
structure, longar piping and cabling runs,
and so forth, The Navy's preference for
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directly hardening equipment, as opposed to
mounting non-hardened equipment upon shock-
mitigated decks or shock-mitigated platforms,
is partly predicated upon consideration of
costs in this category; truly effective shock
mitigation systems are relatively inefficient
from the standpoint of space and weight added.

3. Administrative costs. These are costs
associated with administration of the shock
requirement. If the requirement is simple
and straightforward, these costs will nor-
mally be very low. Costs in this category
can become fairly significant, however, if
the shook requirement entails application
of stringent quality control measures or
leads for other reasonz to the flow of a
large amount of information between the Navy
and the contractor.

4. Costs related to reliability. Because
shock requirements have a generally "rugged-
izing" effect upon equipzment design, a shock
hardened equipment is generally a more reli-
able equipment. Nonetheless, reliability
issues will be considered when alternate
approaches to shock hardening are being
evalunted —— particularly when the shock
hardening process will involve addition of
any sort of moving parts or addition of
materials which are subject to gradual deter-
ioration.,

5. Maintenance costs. Anything added to
an installation for shock purposes will
likely require some form of periodic main-
tenance during the 1life of the ship; for in-
stance, the added items may require painting,
lubrication, or may wear out or deteriorate.
Related maintenance costs can become quite
significant when considersd over the 30 year
lifetime of a clags of shipa, so careful
attention will be given to this potential
source of shock cost., The previously dis-
cussed question of direct hardening vs,
shock mitigation also serves as a good ex~
ample of how maintsnance considerations can
influence technical approaches to ship
hardening. The essential question is usually
simple: Will the cost to develop, manufacture,
provide space for, install, and maintain
shock mitigating devices and associated
structure on a given number of ships exceed,
or be less than, the cost to develop a
directly hardened design?

6, Maintainability-related costs. As the
name dmpiies, costs in this category reflect
the impact of shock requirements upon ability
to maintain shipboard equipments and struct-
ures. To date, the maintainability issue has
been raised seriously only with respact to
foundation shock requirements ("bulky shosk
resistant foundations restricting access to
surfaces which must be painted and to equip-
ment which must be maintained"). The writer
is firmly convinced that shock requirements
need not (inherently) cause such problems,
but the issue is nonetheless sensitive and
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and will be given close attention during re-
view of proposed shock specifications.

7. Operating costs. Any shock requirement
which causes addition of ship weight eiso
causes increased fuel consumption. Sona sort
of penalty (possibly a cost pemalty) will also
be borne if shock requirements cause any ship-
board operation to become more difficiitt or
time consuming.

Shock hardening costs in many of the above
categories are currently very low or near-
zero, and costs in all categories of signi-
ficance are dropping sharply in response to
the shipbuilding industry's rapid adaption to
presently-specified shock requirements and due
to increased shock test extension opportunities.
Needless to say, the administrative community
has a strong interest in preserving present
cost-reduction trends and in holding costs
down in areas whers shock requirements
currently exert 1ittle cost impact.

It can be seen that discussion of cost con-
siderations amounts to the central theme of
this paper. Procurement policies were found
to be predicated in many ways upon cost con-
siderations, and the immediately preceding
discussion illustrated a number of relation-
ships between cost and selection of shock
hardening approaches. The following dis-
cussion of scheduling considerations will
again illustrate the predoatnance of the cost
factor. These scheduling considerations are
discassed separately only for convenience; in
effect, scheduling considerations are strictly
cost-oriented administrative factors for all
practical purposes.

Assume for a moment that a shipbuilder is
bidding on a contract to build a c¢lass of com-
batant Navy ships for which no shock require-
ment has been invoked. During the bidding
period, the shipbuilder will develop schedules
which define when various shipbuilding events
(design, procurement, and production events)
would be performed during the term of the
contract, This schedule will reflect the
shipbuilder's lowest cost, most efficient way
of building non-hardened ships, Now, assume
that the Navy changes its mind at the last
momant and imposes a shock requirement upor. the
ships in quastion. The shipbuilder, in re-
sponse to this change, will 1ikely alter his
formerly-optimum schedule of events at least
slightly to account for the impact of shock
requirements upon design, procurement. pro-
duction, and other shipbullding activities.

The extent to which such otherwise-optimum
shipbuilding event scheduleg must be altered
to permit satisfaction of the shock require-
ment has a direct and significant bearing upon
hardening cost, and provides a direct measure
of the compatibility between the shock re-
quirement and the shipbuilding process in
genaral, Selection of technical approaches

to ship hardening is strongly keyed te the
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goal of maximizing compatibility in this

area, in the interest of keeping hardening
costs low,

Specifically, these scheduling considerations
influence selection of technical approaches
to hardening in two principal ways. First,
and in direct reflection of the fact that
ftime is money", they strongly favor the least
tims-consuming approach. This influence is
stronssst, of course, if there is any possi-
bility that introduction of the shock require-
ment will cause stretchwout of time between
najor shipbuilding events or cause overall
lengthening of the ship design and construction
period. Naturally, this scheduling factor
fundamentally influences the question of how
precise a technical approach shall be taken.
This, in turn, influences the degree of shozk
design conservation associated with any
hardening approach, since ws must nscessarily
adopt a conservative approach in cases where
time does not permit development of techni-
cally precise solutions.

The second principal influence of scheduling
considerations involves sejuence of ship-
building events. Sequence of shipbuilding
events can vary to some extent, depending
primarily upon which sequence of events best
suits the individual shipbuilder and second-
arily upon other factors such as ship size.
Therefore, it is undesirable to key general
shock requirements to any assumed sequence
of shipbuilding events, unless it is implicit
that the aequence in question would always he
followed. Many examples could be given of how
shipbuilding event sequence and the variability
of same influence shock hardening approaches.
Perhaps most important, we find that con-
sideration of these factors is partially re-
sponsible for the Navy's "piecemeal" approach
to the shock hardening of ships. A systems
approach to achievement of shock resistance
may be preferable from a purely technical
standpoint, but the success of such an approach
is dependent upon "everything coming together
at once" -~ laplying an assumsd sequence of
events which could easily disturb the usual
routine of shipbuilding evants, The piecemeal
hardening approach, which allows shipboard
equipments and other items to be "shock quali-
fied" on an individual basis ani with minfimum
regard for the design of supporting decks and
other "system" characteristics, is thus
highly attractive from the standpoint of
scheduling considerations.

Having considered the primary influences of
some administrative factors upon selsction of
ship hardening approaches, it seems appropriate
to briefly reconsider the basic objective of the
Navy ship hardening effort: To fully optimize
the shock resistant qualities of Navy ships.
What is really being sought here is maximum
shock hardening cost-effectiveness; no other
parameter can adequately define "what's opti-~
mun" in a meaningful way. It directly follows
that administrative factors (cost factors,
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essentially) and effectivensss factors must
be given equal consideration as we go about
the business of optimizing the shock resistant
qualities of Navy ships.

CONCLUDING REMARKS AND RECOMMENDATIONS

We might first consider some trends which
have an important bearing upon the subject
of this paper. The need for improved ship
shock resistance took a sherp swing upward
during the 1950's, in response to a marked
increase in the inherent shock sensitivity
of many new shipboard systems (primarily, new
and sophisticated electronics anl weapons
suitesg and due to development of muclear
waapon threats (which added a new dimension
to the shock problem), This situation led to
Navy sponsorship of a considerable amount of
shock-oriented RDT&E, which was understand-
ably directed almost entirely at effective-
ness-related goals. Recent full scale ship
shock tests attest to the success of these
efforts; we now have the technical capability
to deliver almost any reasonable amount of
ship shock resistance.

The administrative influence 4id not lay
dormant while the events described above

were taking place, however, Owing at least
in part to DOD's recent difficulties with cost
overruns and associated contractor claims,
considerably increased attention is now being
given to DOD procurement policies -- and to
the requirements which we attach to things
being procured. Attention to cost consider-
ations has also greatly increased, for reasons
we all know about.

The overall influence of adwinistrative factors
is thus seen to be rapidly increasing at a
time when the requirement for further up-
grading of ship hardness characteristics is
declining. The implications of these trends
are clear, and some of you may have already
felt their impact. Those technical personnel
who to date may have seen no real need to
seriously account for the administrative side
of the shock hardening effort might reconsider
their position in the light of present trenis;
things are changing.

So much for trenis; what might we do about
them? Above and elsewhere in this paper, it
has been suggested that the technical coa-
munity can contribute significantly to the
ship hardening effort by "accounting for"

or "considering" administrative factors which
are becoming increasingly important to the
ship hardening effort. These are nice words,
but they lead to an obvions question: Ex-
actly how might the technical community
"account” for needs in this erea? The follow-
ing paragraphs summarize some possibilities.

If necessary, learn more about administrative
factors. This paper provides about as much

shock~oriunted insight into procurement pol-
icies and basic cost considerations as might
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normally be nseded (in the writer's opinion)
by technical personnel who are not reqyired
for other job-related reasons to be know-
ledgeable in these fields. Note, however,
that this paper does not tell all that could
be told concerning shipbuilding event seq-
quences, shipboard maintenance requirements/
problems, and other specific cost-related
matters. The general importance of these
factors relative to the selection of ship
hardening approaches has already been
stressed; the reader may judge for himself
whether or not further study in such areas
might prove beneficial.

Improve efficisncy at the technical/admini-
strative interface. A more deliberate effort
could be made to address administrative fac-
tors in technical proposals and in technical
reports which will receive administrative
attention., A possible criterion for deter-
mining how much administratively-oriented
information might be included in such
documents: Provide all readily available
information in this area which might be un-
known to the cognizant administrator. The
writer of the technical proposal or technical
report may understandably be in a poor position
to furnish explicit information in this area.
However, his superior acquaintance with the
technical concepts/practices in question ani
his usually intimate acquaintance with private
industry's technical capabilities and limi-
tations may easily place him in the best
position to ascertain the basic administrative
implications of his proposal or recommendations.
Some exemple "administrative implications"
which could often be addressed (with a mini-
mun of homework) at the technical level are:
Whether or not implementation might force
alteration of shipbuilding event Sequences.
Extent to which private industry is prepared
to responi to the technical requirements.

What sort of shipboard maintenance might be
required. Whether or not added weight will
result. (An example administrative iumpli-
cation could be cited for every such factor
mentioned in this paper).

Structure technical tasks to yleld information
of administrative interest, Naturally, it
cannot be expected that meaningful administra-
tively inclined information of the sort referred
to above will be initially available in all
cages -- particularly when basic technical
concepts, rather than technical practices,

are the subject of the technical proposal

or report. However, it is generally possible
to stracture follow-on developmental efforts
in a manner which will permit early identi-
fication of important administrative impli-
cations,

Finally (and inevitably): Directly address
administrative factors at the technical level;
take a head-on approach to solution of pro-
blems related to procurement policies, costs,
and schedules, Opportunities to promote
further optimization of ship hardness qualities
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are perhaps nowhere more numerous than in this
area. A few of many technlical objectives which
directly reflect administratively-oriented
nseds: Develop ways of expanding the scope and
apnplicability of shock test extension policies.
Mora fully develop a basis for extension of
dynamic analysis qualifications. Develop
short-cut methods for optimized design of shock
resigtant foundations, Pursue investigation
6f maintenance~-free shock mitigating devices.
Further standardize shock design/shock testing
proceduras, Develop additional shock test and
shock design guidance material., (This list
could go cn ard on. The general theme should
be clear, howsver).

Welve seen, by example in this paper and else-
vhere, that administrative influences can run
counter at times to rapid technical progress
and other technical interests. Hopefully, it
has also been conveyed that the administrative
influence must be accounted for in a construct-
ive fashion at the technical level if we are to
realize fully optirized ship shock resistance,
The question of how our technical resources
might best be directed at administratively-
oriented needs is at onse difficult and im-
portant., Think about it.
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MEASUREMENT AND APPLICATION A
OF MECHANICAL IMPEDANCE

b 2

FORCE TRANSDUCER CALIBRATIONS RELATED TO
MECHANICAL IMPEDANCE MEASUREMENTS

E. F. Ludwig
Assistant Project Engineer
N. D. Taylor
Senior Engineer

Pratt & Whitney Aircraft
Florida Research & Developmeni Center
West Palm Beach, Florida

(U) Mechanical impedance measurements have become a popular time
and cost-saving, nondestructive industrial test tool, To obtain these
measurements, only small, nondestructive dynamic forces are
required at the test item. A common problem in measuring any
parameter is the suitability of the transducers and associated instru-
mentation required, In studying mechanical impedance parameters,
cognizance of the hase strain amplitude and sensitivity linearity of the
force transducer is particularly important. Special emphasis is given
to these two topics and to a survey of several time and cost-saving,
mechanical impedance test programs.

INTRODUCTION

The Pratt & Whitney Aircraft Florida
Research & Development Center has used
mechanical impedance measurements exten-
sively in the past few years on jet and rocket
engine development programs. Much state-of-
the-art experience has been acquired in imped-
ance testing techniques. * These techniques
save time and cost in nondestructive industrial
testing, To obtain these measurements, only
small, nondestructive dynamic forces are
required at the test item. These small forces

*The author E. F. Ludwig, is presently a mem-
ber of the American National Standard Writing
Group S2-58 that is currently preparing a
standard onthe experimental measurement of
mechanical impedance. The document to be
produced by this committee will serve as a
general guide for the user in the selection of
calibration techniques and will recornmend
types of evaluation tests necessary for deter-
mining the suitability of transducers and
associated instrumentation, A section of the
S2-58 decument will discuss force transducer
base strain sensitivity and amplitude linearity.
This paper, which will be presented at the
42nd Shock and Vibration Symposium in Key
West, Florida, will contain a more compre-
hensive discussion.
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measured by force transducers, allow the-
test engineer to use portable exciters, which
can be maneuvered into almost any test loca-
tion. Some transducer characteristics are not
defined clearly in specifications, Base strain
sensitivity and amplitude linearity are discussed
in this paper.

To evaluate base-strain sensitivity, the
force transducer is attached to a simple, fixed-
free beam, The structural characteristics of
this beam, such as spring rate, effective mass,
damping, strain, and natural frequency will be
presented analytically, The force transducer
base-strain sensitivity test procedure and data
obtained from the described test beam will be
discussed. The beam calculations will be com-
pared with impedance and strain test data taken
during the force transducer base-strain test
program. A math model of the test beam's
bending modes also will be presented and com~
pared with impedance test data.

The force transducer calibration test data
described in this paper illustrates the need for
standard procedure to describe amplitude lin-
earity and sensitivity deviation, A proposed
procedure is defined and discussed. The paper
concludes with a description of several imped-
ance test programs that yielded considerable
savings at Pratit & Whitney Aircraft's Florida
Research & Development Ceater,
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SYMBOLS

A Beam Cross-Sectional Area « in2

a Acceleration - g's

c Damping -~ 1bf/in/sec

cc Critical Damping - 1bf/in/sec

d Displacement - in

E  Modulus of Elasticity - 1bf/in2

Ex Kinetic Energy - 1bm/in2/sec2

Ex Output Signal - mv. or pe

F Force - 1k{

f Frequency - Hz

g  Gravitational Constant - 1bf-in/lbm-sec?
I Moment of Inertia - in¢
i /A

K  Spring Constant - Ibf/in
L Beam Length - in

M  Moment - lbf-in

m  Mass -lbm

me Effective Mass - lbm

Sx  Sensitivity - mv/Ibf or pc/1bf

Sp Sensitivity Deviation

t Time - sec

v Velocity - in/sec

w Weight - 1bf

We Effective Weight - 1bf

X Distance Along the Beam - in

y Deflection of the Beam - in

ym Maximum Deflection - in

Z  Mechanical Impedance - 1bf/in/sec
] Logarithmic Decrement

€ Strain - uin/in

P Density ~ 1bf/ind3

o Stress - Ibf/in2

w  Circular Frequency - rad/sec

AMPLITUDE SENSITIVITY LINEARITY

The study of dynamic structures using the
mechanical impedance approach entails the
measurement of the applied force. This force
may vary over a wide dynamic range due to the
responsiveness of the structure under test.

For this reason the amplitude linearity charac-
teristics of the measuring transducer must be
established. Published specifications of force
transducers do not always provide sufficient
data for the mechanical impedance user. Some
users may not be aware of the insufficient data
that is important to make a valid measurement.
The following may affect amplitude sensitivity
and its daviation: preload mounting torque;
different type attaching bolts; lack of standard
methods of stating linearity and methods of
obtaining calibration data. A standard calibra-
tion procedure must be established,

The following test procedure will allow this
standardization to be accomplished: The ampli-
tude linearity calibration is performed by
vibrating the force transducer at various
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acceleration levels (a) with a known mass
attached (m) and measuring its output signal
(Ex). A standard 200 Hz frequency should be
used if it is within the rating of the transducer.
Calibration data points will be taken at least at
octave band intervals between one and 200 ib

- ¥nd at 100 1b intervals over the rest of the

tranzéucer span. For transducers rated at less
than one psiad, data should be taken in the
same manner i cover the span of the transducer.

The above calibration data will permit cal-
culations of force transducer sensitivity as a
function of applied forca.

Applied Yorce F=mg
Force Transducer Sensitivity Sx= Ex/F

Since the force sensitivity is now known over
the span of the transducer, its deviation can be
calculated in plus or minus percent irom the
mean,

Sensitivity Deviation

Sx~S
Sp = T—a—‘iﬁ x 100
avg

This seems to be one of the better statistical
methods for stating deviation. A calibration
curve supplied with the transducer specification,
however, would be most desirable, This infor-
mation would allow the user ‘o establish sensi-
tivity deviation over his span of concexn., For
example, Figure 1 illustrates a transducer
torqued to 25 footqumnds with a deviation of
approximately +9% when defined at 1800 pounds.
The same transducer at 400 pounds is a +3%
transducer. Muny specifications state sensitiv-
ity deviation at & percent of full scale. This
percentage loses significance at relatively low
force levels which are normally applied during a
mechanical impedance test (i.e., a transducer
with a 500 +2% pound full scale force rating
would allow for a +10 pound deviation. If a test
requiring 10 pounds of applied force were
required, the user of this transducer couid only
guarantee that the applied force was withia 0 to
20 pounds), The calibration specification shouvl2
aiso include information about preload versus
torque for the type of attachment bolt recom -
mended and mass and accelerometer NBS
traceability.

To test the practicality of this procedure,
guartz and piezite annular transducers were
calibrated using-these guidelines. Figure 2 is
a photo of one transducer mounted on a dynamic
exciter with the calibration mass attached.
Figures 1 and 3 illustrate empirically derived
force transducer sensitivities versus applied
force for both transducers. These figures illus-
trate that increases in compressive preload
caused increased sensitivity and improved
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Fig. 1 - Annular Piezite Force Transducer
Calibration Data

Fig. 2 - Amplitude Linearity Calibration
Setup

amplitude linearity, Figure 3 illustrates the
effect of bolt type on sensitivity, The steel bolt
decreased sensitivity but showed better linear-
ity compared to the berylium copper bolt.

Both static and dynamic test data were
taken on the quartz force transducer, The
same trend in data was. consistent for both con-
ditions; sensitivity increased with torque, ..ud
linearity improved. The malin difference noted
was that static calibrations consistently showed
a lower sensitivity. Also, the dynamic
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Fig. 3 - Annvlar Quartz Force Transducer
Calibration Data

sensitivity tended to increase at low force
levels at a different rate than static sensitivity,

FORCE TRANSDUCER BASE STRAIN
SENSITIVITY

Determination of force transducer base-
strain sensitivity involves mounting the trans-
ducer on a surface which could be stressed to
measure accurately the strain at the base of the
transducer. The transducer used was an
annular piezite element that requires a center
torque bolt for attachment.

A cantilever beam was selected as the besi
surface for determining strain, If all proper-
ties of the beam were known, strain could be
determined both theoretically and with gages.
The theoretical spring rate and effective mass
for a 16-inch cantilever beam at first bending
were computed as well as the first five reso-
nant frequencies. The data was then compared
with actual mechanical impedance data taken at
various points along the beam. Spring rate was
checked against the impedance data. The effec-
tive mass also was checked against the data,
Resonant frequencies computed theroetically

were very close to those appearing in the imped-
ance data.

Holograms were made of the beam during
vibration at first bending. Displacements were
taken from the reconstructions of these holo-
grams and compared with theoretical deflection
values calculated using the standard cantilever
beam deflection equation and sinusoidal
approximation.

A mathematical model of the beam was
made to further substantiate the mechanical
impedance at the tip of the beam. The model
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was a sexries of mass-spring-damper systems.
The values of spring rate, effective mass and
damping were based on data taken from static
loading tests, logarithmic decrement or read
directly from the impedance data.

After determining values of spring rate
and effective mass, the transducer base strain
was calculated for various tip displacement and
acceleration levels. These values were com-
pared with test data taken at these levels.

With strain determined for different loads, the
sensitivity of the transducer to base strain was
recorded and analyzed.

BEAM ANALYSIS FOR IMPEDANCE
CORRELATION

The equations used in the majority of this
section stem from beam theory. The basic
differential equation is for the beam's elastic
curve,

d2y/ dx2 = M/EI

Using the boundary conditions of a cantilever
beam under uniform loading, this equation can
be solved and used for theoretical checks on
actual cantilever beam data:

4

vy  ~pAs24El (x*-413x + aLd)

v - -pAL%/sEIatx o

These equations are used to determine the
theoretical spring rate at first bending and the
effective mass. They also provide a check on
natural frequencies.

The predicted spring cunstant for an ideal
cantilever beam can be calculated as a function
of length from the clampcd end. The beam
deflection produced by a force at a distance
d from the clamp point equals:

v =F/6EI (d° + 30°L - 3d%x)
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The spring constant K at d. ‘
K = 3EVd®

For example, the theoretical spring con-
stant at the tip of a sixteen-inch steel beam with
a cross-sectional area 3.0 x 0.5 in, is 886
1bf/in, Testing determined the static spring
constant for this beam in a clamping device o
be 562 1bf/in., Deflection inside the clamping
device is the most likely cause of the discrep-
ancy between these constantis, The theoretical
length would then be 17.1 inches.

The effective mass of a cantilever beam at
first bending can be calculated by energy
methods. The beam deflection mode shape can
be described as

Yy = ¥p/3 [(x/L)4 -4(x/L)+3

The kinetic energy of the cantilever is

L
E, = 1/2 fo (dy/dt)% dm

where dy/dt =wy and dm = W/gL dx
Integrating we get

_ 2 2
E, = 0,1283 Wuw' y /g

This is equal to the kinetic energy of the
effective mass:

22,
E, = 1/2wew Ym /¢
me = 0,2566m

That is, a steel beam sixteen inches long
with a cross-sectional area of 1,5 in2 would
have an effective mass at first bending equal
to 0.00483 Ibm., (We = 1.86 1bf,)

A second method of determining the effec-
tive mass was suggested in Reference 1. The
mode shape at first bending was approximated
by using

¥ - ¥y, (1 - cosm/2L)

Figure 4 compares this mode shape with the
elastic curve. Solving the integral for kinetic
energy yields a slightly different value for effec-
tive-mass,

m, 0.227m

m, 0, 00427 Ibm
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Fig. 4 - Deflection of a Cantilever Beam

To determine which deflection curve
approximated more closely the mode shape at
first bending, a hologram of the sixteen-inch
beam was made during vibration, This study
of the data from the holography curve indicates
that perhaps the beam was not secure in its
fixture during the mode shape holography. In
general, the tvend of the data i8 good, but the
shift at the zero point indicates slight motion
at the clamp, For the hologram chosen, tip
deflection was 64 microinches single amplitude.
Data taken near the clamp indicates approxi-
mately 1.5 microinches double amplitude with
the true zero deflection point approximately two
inches beyond the clamp, Shifting the zero
point makes the mode shape agree closely with
the cosine curve.

As shown in *igure 5, the holograms
revealed no difference in the deflection with the
transducer on or off the beam. This means that
the preceding calculations are valid for calcu-
lating transducer base strain,

The resonant frequencies of a cantilever
beam are obtained by solving the partial differ-
ential equation of motion, This will be done for

a steel beam with dimensions 16 x 3 x 0.5 inches,
Beam equation:

2 |5 2 2
é——l&l-(g)_i-y./_éx.l - ..Bé.é’.‘) azy/atz _f(x’ y' &’ t)
X

Since I and A are not functions of x, and assum-
ing no external loading,

a? 64}'/\))(4 - -azy/.)tz a2 Elg/pA
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Reproduced from
best available copy.

With Transducer-Mounted Without Transducer Mounted

Fig. 5 - Holograms of the Cantilever Beam

where with appropriate boundary conditions,
the nontrivial solution yields:

cosz = -1/coshz

wherez = Vw/a L
which is satisfied at the roots:

-1/coshz

The natural frequencies are

: 2
w, - VEI/PA (/L)

The first five resonant frequencies are:

2, - 1875 JE/eal? - 114,
- 22 VER/oaLt - a0, f, = 63.8

Wy

This frequency would be 55.9 Hz if the beam
were 17, 1 inches long.

2, 4,694 f, - zb/2m114.) 400,
2y 7.855 [, 1121
2, - 10,99 f, - 2200,
2y 14137 , - 3620,

TwO other methods of finding the resonant
frequencies w»  investigated, The Rayleigh
method used the inusoidal approximation deflec-
tion curve. The other is the energy method, for
which the beam deflection equation was used.
Beam equation results agreed very well with the
results of the previous section.
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CORRELATION WITH IMPEDANCE DATA

An actual steel beam measuring 16 x 3 x
0.5 inches was tested for impedance with the
drive point located on the centerline at differ-
ent lengths from the clamped end (Figure 8).
Theoretical values of spring constant, effective
mass and exponential decay damping data will
be compared with impedance test data, At
resonance, the impedance due to the spring
term and mass term cancel each other leaving
only damping.

Z = T+jwm - JKA

Iz = V & + (wm - K/w)®

At resonance,

wm = Kw
|Z|=c

Since the spring constant at the tip of the
cantilever is known, and the frequency at first
bending is known, the effective mass can be
calculated by this method also. Tip spring
constant

K = 686 Ibf/in Fig. 6 - Strain Sensitivity Calibration Setup
Effective mass Logarithmic decrement

2 §= (1/n-1) In xl/xn
K/(2xf)” where f - 63,8 Hz

E
I

From actual decay data:
= 0,00427 lbm

E]
!

X X

- AWAWAW(
Effective weight J U U U \

Wc = 1,65 Ibf = 2,178

%

This agrees well with the effective mass X5 - 1.94
(weight) calculated by the kinetic energy
methods., Mass and spring constants can next 48 - 1n(2.175/1.94) '

be used to calculate the critical damping coef- 5 - 0.0294
ficient,
¢ = 2/Km_8.42 Ibf/In/sec To calculate actual damping
c [:]
/12 2
With spring constant and effective mass deter- /e, - 8/V T 4w
mined analytically, damping must be derived
from the logarithmic decrement. A decay ¢ 0.016 lbi/in/sec
curve of tip acceleration was made so that the
damping could be derived. The frequency of Figures 7-10 show data taken at different ,
this free vibration was at 57.9 Hz, points along the beam. (16, 12, 8, 4 inches ;

from the clamped end.) In Figure 7 where the
beam was being excited at the tip, the theoret-
ical spring rate, actual damping and effective
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weight lines have been drawn, Tie inserts are
mode shapes of the beam at the particular rzso-
nant or antiresonant point. Theoretical spring
rates are shown on the three other figures.
From these data it is evident that damping ratio
is fairly constant along the beam.,

MECHANICAL IMPEDANCE “TsEC

COMPUTER SIMULATION

To further correlate the actual and theoret-
ical impedance of the cantilever beam, a com -
puter routine was written that broke the beam
into a series of mass-spring-damper systems,
Each system matched one resonant frequency
on the impedance data. The impedances of all
systems weire added to calculate the total
impedance.

The impedance of a single mass-spring-
damper parallel system can be described by
using a combination of real (damping) and imag-
inary (mass and spring) vectors.

7 . T+ jwm - ki

Imaginary

Pl wm
Real =

iYKW

Since eystems added in series must be
summed as the inverse, it is easier mathe-
matically to sum mobility, the inverse of
impedance.

- ¢, “Jwm,-K /w)

Yi

P 2
e (wm; - Ki/w)

SNl
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The real and imaginary terms can be
summed separately. Then, the mobility will be
the square root of the sum of the squares of the
real and imaginary terms. A comparison of
the computer simulation with impedance data
is shown in Figure 11, It is obvious that the
antiresonances are not being modeled properly.
Investigation into this phenomenon using differ-
ent models will continue.
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Fig. 11 - Computer Simulation - Cantilever
Beam Impedance

The spring rate at first bending for the
model tested was chosen as 562 1bf/in., the
static spring rate. This value was chosen
rather than 686 1bi/in. because of the move-
ment inside the clamping device discussed pre-
viously. The length of the cantilever was con-
sidered as 17.1 inches. The first resonant
frequency was 57.9 Hz, the free vibration value
measured on the decay data. The calculated
effective mass used for first bending was
0. 00427 1bm.

Damping is equal to the value of impedance
at each resonant point. The values of spring
rate and effective mass for each of the other
modes were based on the frequencies at the
resonant and antiresonant points obtained from
test data. In formula,

2
= t resonance
mel Kl/w Rl fh‘s I

2
= w first antireson
Kz mgy A ance

me, = Kz/(:.v%.2

The simulation's spring rate asymptote at
low frequencies is lower than the spring con-
stant used to model the first resonant mode.
Thig is due to the additive effects of springs in
series. Most test specimens at FRDC, however,
have shown the asymptote of the impedance data
to be very close to the spring constant value for
the fundamental mode. Spring constants of
secondary modes have not lowered the asymptote
appreciably. Even though the above approach
seems basic for a simple cantilever system, the
theoretical calculation, impedance testing and
computer simulation method can be broadened
to encompass more complex systems.

second resonance

BEAM AS A STRAIN INPUT

With the deflection of a cantilever beam
thoroughly investigated, this beam will be con-
sidered as the source of base strain input to a
force transducer mounted on the beam. Output
of the transducer as a function of strain for
various torque loadings and rotational positions
were determined. Strain was predicted as a
function of effective mass times acceleration
and also as a function of spring rate times tip
deflection, These values were compared with
actual strain readings.

CALCULATION OF STRAIN

A bar bends when subjected to a moment
M. For a small beam deflection, the strain
according to Hooke's law is
tx = VE@,-va)= My/ElL

= 0
Where oy

For the calibration of a force transducer, we
are interested in the strain at its mounting

point at the transducer base. Data taken from
strain gages located near the transducer mount-
ing point were compared to calculated values

of strain based on spring rate and effective

mass in Figure 12. The beam experienced

local stiffenming when the transducer was mounted.
Figure 12 shows the effect on strain of mounting
the transducer as well as the range due to torque
and rotation with the transducer mounted.

Strain in the beam is dependent on the
force applied at the cantilever tip. Tip accel-
eration and displacement at first bending
together with effective mass and spring constant
yield two methods of determining force: one

4 e e e i
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Fig. 12 - Transducer Base Strain

potential and one kinetic, Peak values are
obtained, The added mass of the drive rod at
the tip of the beam shifts the resonant fre-
quency lower (49 Hz) than noted for free beam
vibration. This extra mass must be added to
the effective mass of the beam to obtain true
strain data. Electronic mass cancellation is
used to correct mechanical impedance dat-.

RESPONSE OF A TRANSDUCER TO BASE
STRAIN

Mounted on a sixteen-inch cantilever
beam, a force transducer was subjected to base
strain induced by vibration at first bending.
The outprt of the transducer was recorded at
different strain levels for different torque
loadings and as a function of rotation around
the transducer's axis, The transducer’s output
due to base strain was 200 times its normal
inertial force output. Findings indicate a sig-
nificantly higher output as torque is increased
(Figure 13, 14). They also show that output is
related to rotational position (Figure 15). One
characteristic of output during these checks
was that initial loading sometimes caused a
peak transient reading. This reading then
decayed to some steady-state value after a few
seconds, At present, no explanation for this
can be offered although the trait did depend
somewhat on rotation, Further studies will be
made,

Actual inertia force, shown in Figure 13,
illustrates the magnitude of error due to base
strain sensitivity. Most applications should
avoid base strain if possible. If not, then pre-
cautions should be taken in using force data.
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SUMMARY

Thus far this paper has presented two dif-
ferent transducer characteristics for users to
consider when evaluating force transducer
calibrations. The first section suggests a
standardizing procedure for amplitude linearity
and sensitivity deviation. The second, base
strain sensitivity, suggests a procedure for
determining output as a function of base strain,
Cognizance of these areas will help a user
determine the validity of his mechanical imped-
ance measurements.

Studies of the cantilever beam system used
for base strain sensitivity revealed a means for
comparing theoretical and test results and
served as an aid to simulate the mechanical
impedance of this system with a math model.
This same procedure could be extended to more
complex systems.

FRDC IMPEDANCE TEST PROGRAMS

Mechanical impedance measurements have
become a popular cost and time saving tool.
This section discusses several representative
impedance test programs conducted at the
Pratt & Whitney Aircraft Company, Florida
Research and Development Center. During
these programs, considerable time and cost
were saved by implementing this nondestructive
test technology.

COMPARISON STUDY OF DAMPING SCHEMES

A determination of the mechanical impea-
ance characteristics of several different louver
section designs permitted selection of a practical
and optimum design., Of all seven louvers
tested, the "handlebar mustache' design (p) pos-
sesses the best damping characteristics. From
a practical design standpoint, however, the
short-hooded louver (c) possesses sufficient damp-
ing properties below 750 Hz, Figure 16 com-
pares four louvers tested. ’

BURNER CAN CLAMP WEAR DIAGNOSED
THROUGH IMPEDANCE MEASUREMENTS
AND LASER HOLOGRAPHY

Excessive clamp wear during an engine
development program prompted an investigation
of burner can damping characteristics. The
data from the impedance test program described
critical frequencies at which mode shape holo-
grams were taken. These holograms (Fig-
ure 17) depicted a bending mode in the 100 Hz
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Fig. 16 - Louver Section Damping Study

frequency range that could cause clamp wear,

This frequency also correlated with a critical

frequency source generated by the development :
engine, With the test proven effective in diag-

nosing clamp wear, this procedure could be

extended to determine if a burner section requires

overhaul during prescribed maintenance

schedules.

MECHANICAL IMPEDANCE DEFINITION OF
CRITICAL PLUMBING BENDING MODES

Point and transfer impedance data taken on
the pump plumbing (Figure 18) defined critical
resonant frequencies. Luser (time average)
holography was used to signature plumbing
deformation at eacir minimum ¥ apedance drive
point location so that particular component
spring rates and mode shapes could be defined.

VERIFICATION OF PREDICTED ANALYTICAL
PARAMETERS

Impedance measuremente were used to
verify analy}ically -predicted dynamic spring
rates of a rocket engine fuel pump bearing sup-
port. The bearing support and housing were
mountéd for test as shown in Figure 19. Trans-
fer impedance data was taken on the critical
members of the bearing support system, Analy-
sis of this data showed good correlation with
calculated spring rates, The test results indi-
cated that a critical speed analysis program was
within design tolerances.




02HZ  NENZ  G06HZ
Fig. 17 - Buraer Can Clamp Wear Test Setup

Fig. 18 - Pump Plumbing Mode Test Setup

Fig. 19 - Bearing Support Test Setup

‘ROCKET ENGINE SIDE L.OAD DETERMINED
BY DYNAMIC SPRING RATE TEST

Substantial cost savings are realized by
the effective use of mechanical impedance
measurements, During a recent rocket engine
test, for example, a standing shock wave was
ingested into the nozzle of a staged-combustion
rig and became attached during the run, The
point of attachment could be determined as well
as the side displacement when attachment
occurred, To estimate the amount of side load-
ing which caused this displacement, the spring
constant of the nozzle system had to be deter-
mined. Since the engine was in the test stand
and time was a very critical factor, impedance
was measured at the test site, The exciter was
positioned at several locations along the nozzle.
Figure 20 illustrates the exciter at the tip,
From impedance data taken in the 5-5000 Hz
range the first bending mode of the extendible
nozzle assembly was found to occur at approxi-
mately 5 Hz, the first ring mode occurred at
42 Hz. A spring rate of the nozzle system was
determined by analyzing the impedance plots and

constructing mathematical models from the low
order modes.
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DISCUSSION

Mr. Bouche (Endevco): As chairman of
American Nationa: Standards Institute commit-
tee S2-58 I would like to compliment Mr, Ludwig
on doing a very excellent job in making these
calibrations, Early in the work of this commit-
tee we recognized that these two characteristics
were very important for this standards document
and that additional calibration work would have
to be done in order to have enough information to
include in the standard. So we asked Mr, Ludwig
to make these measurements, and the results
are good. The amplitude linearity measure-
ments turned out better than expected. The
base-strain sensitivity turned out to be quite
serious, because if there is a strain present in
actual experimental measurement of the order
of, say 100 microinches per inch, then large
force errors could result, It would be neces-
sary then to select locations on the test speci-
men where it is known that the strain environ-
ment is small.

Fig. 20 - Nozzle Spring Rate Test Setup
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THE MEASURENSNT OF MECHANICAL IMPEDANCE

AND ITS USE IN VIERATJOM TESTING'

N. F. Hunter, Jr., and J. V. Otte
Sandia Corporation
Albuquerque, New Mexico

vibration tests.

i Each of the above applications is supported by specific examples.

-y et pp

Mechanical impedance has, in tne pa<t
analytical tool in the vibration field.
laboratory test procedures and instrumentation used to measure the imped-~

ance of structures. This is followed by both an interpretation of typical
data and the utilization of this data for the following:

1) derivation of laboratory test specifications,

2) comparison of a system's impedance characteristics before and
after tests to detemine structural failure, and

3) electronic simulation of & structure during force controlled

» been used almost exclusively as an

. vy mis B ams b X w e b S s st |

This paper considers both the

MECHANICAL IMPEDANCE AND APPARENT WEIGHT

Mechanical impedance (2) is defined as the

complex ratio of the driving force acting on a
system to the velocity response of the system.

2(w) = %}Lﬂw)

where

Z(w) = mecnanical 1mpednnce**

F(w) = driving force

v{w) = velocity response

¢(w) = phase angle between F and v.

An alternate expression for 2 is in terms
of its real and imaginary components:

3

F
Z-;coso+,j;51n¢.

If the velocity response is measured at
the point of force input, the Z is referred to
as driving point imredance (Zp). Conversely,
the use of velocity response at another point

on the system is termed transfer impedance (Z,r).

Since
v,
H(w =-‘-,3
1

where

H(w) = transfer function
Vl = velocity at point of force input

v = velocity at some other point on

system,
then
n -I—"— = F ] 1 VA
2'1‘ Y le’vl lef P
vhere

2’1‘ = treasfer lmpedance
Zp = driving point impedance.

Apparent weight is defined as the complex
ratio of the driving force and the acceleration

’T'xis work wes supported by the United States Atomic Energy Tommission.
.
Mechanical impedance and all related terms are a function of frequency. Hereafter, the (w) will

be omitted and hence implied.
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response of the system. Acceleration is in

tems of G, where one G 1s equal to 386 in/sect

Was,0

Qjin

where
W = apparent weight
F = driving force
G = acceleration response (533)
49 = phase angle between P and Q.

Using the relationship between accelera~
tion and velocity; v = Jw, then

w-:ﬁ-”z

where
W = apparent weight
Z = pachanical impedance

g = gravitational acceleration
(386 in/sec?)

w= cireular frequency (2nf).
The point and trensfer concept applies to

apparent weight the same as for mechanical im-
pedance. HNamely,

where

"1‘ = transfer apparent weight
wp = point apparent weight
H(w) = transfer function.

INTERPRETATION OF APPARENT WEIGHT DATA

The apparent weight characteristics of the

three ideal elements (mass, dashpot, and spring)

are given by the following equations.,
Mase “m =g ey

Dashpot ¥, = 4&‘1

« Bt
Spring "s wa

vhere
W = apparent weight (pounds)
g = acceleration of gravity (6 in/sec?)
k = spring constant (§/1n)

—

in
¥ = static weight ()
¢ = damping coefficient f-i-‘;;!’-i
w= eircular frequency (2nt).
The apparent weight characteristics ex-
pressed above are plotted in Figure 1. Xnowl-
edge of the above characteristics will often

prove valuable in the interpretation of labora~
tory data obtained during system analysis,

MASS W = mg

m
=
o
i
10G £
= - JBC
= DASHPOT Wd "
1)
3 -6 dB/octave
106G £
SPRING W, = - 5‘,‘}
2 '0
)
3
-12 dB/octave

LOG £

Fig. 1 - Apparent Weights of Ideal Elements




A typical apparent weight (W) plot, ob-
tained in the vibration laboratory, is shown in
PFigure 2.

PFAST

- 1800
- 90*
7000 J ULJ. <

8

]

APPARENT WEICHT (L3)

0 T 10 300 1000 7
TREQUENCY (HZ)

Fig. 2 -~ Typical Apparent Weight Plot

In this case, the anplitude of W, as well as
the phase between force {F) and acceleration
(G), are plotted on log-log paper as a func-
tion of frequency. This data is discussed
belov.

a) Iow Frequencies - Rigid Body

The system is rigid over the low fre-
quency range fror 20 Hz to 50 Hz. The
magnitude of the system apparent weight
{W) 1s equal to the static veignt (245#);
1% is constant; and the phase is zer>
diagrees. This is the frequency range
where pre-test measuremeat of the static
welgnt facilitates calibration and pre-
test confirmation.

b) Bystem Anti-Resonance

The peak in W, associated with a phase of
90°, at 400 Hz signifies an anti-
resonance with respect to the point of
measuremant. In other words, a subsystenm,
somevhere above the control point, is
resonating. The peak of W eignifies
resistance to motion at the driving point
(an apparent weight of 7000#).

¢) System Resonance

The notch in H‘ associated with a phase
shift from 180° to 90°, at 780 Hz sign’-
fies system res/mance vhere the system

is very non-resistant to motion (an
apparent weight less than 5§).

d) Weight of Decoupled Subsystem

If one is fortunate enough to be working
with a simple system, it is scmetimos
possible to determis the weight of the
decoupled sudsystem ...*or resonance.

Consider the simlified system and its
apparent weight cuve depicted in Figure

3.
SUBSYSTEH
7 <
SYSTEM ANTI-RESONANCE ¢ e
(SUBSYSTEM RESONANCE) b
~
1
1
~ W 7y + W)
2 ——— e b2
2
: )
w
1
g —
"\ SYSTEM RESONANCE

€1 £2 £3 £4
10G FREQUENCY (HZ)

Fig. 3 - Apparent Weight Plot
Showing Decoupled Mass

Over the frequency range f3 to fh Hz, after Vi

has decoupled, the weight of wp is found as
follows:

"2-"]-'"20

It should be noted that as a general rule the
peaks and notches of apparent weight respec-
tively correspond to subsystem and system
resonances.

APPARENT WEIGHT VB MECHANICAL IMFEDANCE

Although mechanical impedance is a familiar
vibration analysis parameter, apparent weight
is the more efficient and convenient environ-
mental test tool. The reasons are outlined
below.

a) Accelerometers are the most common trans-
ducers used in the laboratory.
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) Apparent weight has dimensions of pounds.
The fact that a system normally acts as a
rigid body at locw frequencies (10 to 20
Hz) means that the appavent weight is
equal to the static weight within this
frequency range. This provides both an
easy and accurate pre-test calibrate
scheme.

¢) Field data is nowmally reported in terms
of acceleration. As will be demonstrated
later, apparent weight can be used in
direct calculations involving field data
since both involve acceleration.

d) Many vibration tests, particularly the
surveys designed to determine the dynamic
characteristics of a eystem, use a con-
stant acceleration input control. 1If
the control accelerometer is located at
the point of force measurement, a ratio
is not required. The force output is
directly proportional to the apparent
weight,

e) Aprerent weight (along with blocked force)
may be used to define the foundation's
characteristics as szen by a test item
[2]. In fact apparent weight may be in-
serted in any equations involving
mechanical impedance by using

ey,
2= i

MEASUREMENT OF APPARENT WEIGHT

The basic requirenment is measurement of
the driving force and the resultant accelera-
tion. These measurements, as well as the
fixturing, are outlined below prior to con-
sidering the excitation source and the instru-
mentation for ratio and phase measurements.

1) Force Measurement

Commercial force transducers, as well as
one developed at Sandia {1], are all acceptable.
All known force transducers are moment sensi-
tive. This must be considered in test design
and data analysis. The transducer(s) must be
inserted intermediate to the path of force
transfer. The input force must be controlled
and/or measured at the point or plane where
apparent weight is desired. If the interface
ares is small, one force transducer is used.
However, a multi-gage array will be required
for systems with a large interface. The total
force from 8 multi-gnge array is obtained by
summning the instantaneous output from each
transducer. Note that a phase sensitive sum
must be used since apparent veight is the
complex ratio of force to acceleration. A DC
sumation (i.e., peak averaging) cannot be
used since the resultant is a DC, phase insen-
sitive, signal.
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A fixture is usuelly required between the
force transducer and the system being analyzed.
Several fixture requirements are listed below:

a) The fixture must be rigid over the fre-
quency range of interest. 1In addition
to axial rigidity, there must be no
resonances between the transducers in a
nulti-gage array.

b) The attachment of the transducers to the
fixture must be rigid.

c) fThe attachment of the fixture to the
system must be rigid.

d) The fixture should adapt to the test item
in the same way as the field mount.

e) Commercial force transducers are moment
sensitive. The fixture must be designed
to ninimize moments acting on the trans-
ducer.

f) Motion should as nearly as possible be
confined to the axis of force input.

To summarize &, b and ¢ above, the motion
at the force transcducer face must equal that
at the btase of the system (both amplitude and
phase). When a fixture is between the force
transducer and the system, the force required
to drive the fixture must be subtracted from
that indicated by the force transducer(s) as
expressed below.

Fo=Ffp-Fp

vhere
Fs = force into system
FT = force indicated by transducer
F

F

Since the fixture (by design) is rigid,
the force required to drive it can be expressed
as:

= force to drive the fixture,

FF-ma=vG

vwhere
v = fixture weight
G = acceleration of fixture (38'5) .

Therefore,

Fs = I-‘T - w3 .
This_subtraction can be done electron-

ieally [2]. The electronic subtraction




technique will be included in the discussion of
apparent weight simulatior below.

For a single force transducer, calibration
is accomplished (1) through use of the voltage
or charge sensitivity, or (2) by measuring the
acceleration of the rigid system above the force
input (at low frequencies) and using F = me = wG.
Multi-gage array calibration is normaily by
method 2 above.

2) Acceleration Measurement

Commercial accelerometers are acceptable.
Measureuent of point apparent weight requires
that the accelerometer(s) be mounted on the
test item or fixture immediately above the force
transducer(s) so as to represent the accelera-
tion at the point of force input. Transfer
appareat weight requires that an accelerometer
be mounted at the point of interest above the
force transducer(s). Multi-accelercmeter
arrays are normally used to monitor accelera-
tion of systems with a large interface. The
general rule is to locate an accelercaeter
directly adjacent to (above) each force trans-
ducer. In order to maintain a phase sensitive
acceleration signal, the multi-gage arrays are
instantaneously (AC) averaged during the test.
It should be re-emphasized that for point
apparent weight, the acceleration required is
that on the test item at the point of force
input. Therefore, any fixturing must be rigid
(acceleration aqual in phase and amplitude to
that at the point of interest on the test sys-
tem). Accelerometers are calibrated according
to voltage or charge sensitivity.

3) Force Generators

Several factors influence the size (power)
of the vibration source. Trese are discussed
below.

A small amount of force can be nsed to
measire apparent weight of heavy items. For
example, & 50# generator was used to analyze
a 3000-1b system. However, it should be noted
that the accelaratiun level will be extremely
low for even moderate apparent weight values.
A higaly sensitive accelercameter will thus be
required.

The size of the vibration machine required
is often dictated b, the size of t' system
interface to be analyzed. For example, multi-
point force input to a test system of large
diameter requires a large vibration machine.

In cases where the apparent weight is
measured for the purpose of comparison (dis-
cussed later) low force input is acceptable.
However, in cases vhere the apparent weight is
to be used in conjunction with fiel) data or
environmental tests, the force and/or acceler-
ation test levels should approximate those
anticipated in field and laboratory usage.
This requirement is primarily due to the non-
linear characteristics of most systeams.
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4) Instrumentation

The instrumentation used to obtain the
complex ratio of F to G is constantly being
improved. The system depicted in Fig. 4 is
fairly representative of the required setup.
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Fig. b - Apparent Weight Measurement Systea

Signal conditioning amplifiers are required for
the piezoelectric foree transducers and accel-
erometers. The F and G signals are filtered
(extract fundamental) and fed to log converters
whose outputs are DC signals proportional to
log F and log @. These DC signals are sub-
tracted to yield log F/G which may be recorded
or ‘plotted.

Note that the log converters used are
designed for apparent weight measurement. They
provide constant amplitude outputs phase co-
Lerent with the input F and G signals for phase
detection. Ia the newer and more sophisticated
apparcut weight systems the tracking filtering
and log converting may be done in one operation
t¢ increase system dynamic range.

The phase meter provides a8 meter reading
anG a DC output proportional to the phase dif-
ference between F and G. This DC proportional
to phase may then be recorded or plotted.

5) Inpuwv Control

Primarily, aprarent weight is computed
during sinusoidal tests. In practice, experi-
mental determipations using random vibration
inputs have been made [3]. Using the equations

Fu [w2s

Gaf

= W&
vhere
W = apparent weight

F = force spectral density ( lb2/l{z)
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& = acceleration spectrsl density (G°/Hz)
Gat = acceleration force cross spectral
density,

the apparent weight could be determined.

Thus far, experimental techniques using the
equations above have teen tried at Sandia, but

no test results are available. The experimen-

1{_«;:)]. results are considered by Humter and Otts
3 *

FUNDAMENTAL EQUATIONS INVOLVING AFPARENT WEIGHT

The fundamental equations used to derive
random and sinusoidal test parameters will be
considered prior to a discussion of specific
laboratory procedures. Note, again, that
apparent weight and vibration amplitude are
conplex functions of frequency. Therefore,
the equations below must be applied at dis-
crete frequencies over the frequency band of
interest. Also note that point apparent weight
will be implied unless otherwise specified.

1) 1Interface Apparent Weight When Two Struc-
tures Are Joined

’ T'"F“"p
Ay ‘,

g T

g 3

£

; VA

VAN

Fig. 5 - Apparent Welght of Joined
Structures (At Interface)

Referring to Figure 5, a payloed and
foundation with apparent weights ;ﬁ and Wp,
respectively, are to be joined. e total
apporent weiaht (Wp) of the interface is the

vector sum of the apparent weights of the two
structures.

Wp = W - ¥
where
wp = payload apparent weight
“F = foundation apparent weight
HT = total apparcnt weight.
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Note that this relationship is valid only
for a rigid connection at the interface. In
other words, validity holds only over the fre-
quency range where the acceleration of the two
mounting surfaces is equal.

2) vibration Response of Foundation With and
Without Payload

Wp

I "‘l""r’"p u.r-wi.d-wvm
tcr or 4 ch or 4y Ic

AYLOAD

11
or
‘n
g
g
2
LtA JAY JAY
Fors Fors® Fors

Fig. 6 - Respinse of Foundation With and Without
Payload and With Different Payloads

Refurring to Figure 6, a foundation with
apparent weight Wp (at payload mounting point)
is subjected to a sinusoidal force F.

The acceleration response (GF) at the mounting
point rerults from the input'F.

If a jayload (up) is mounted to the foun-
dation ( s » the interface response (Gy) to
the same force spectrum P is as shown below.

ooy o)
where

GI = acceleration at interface with
payload mounted (sinusoidal)

GF = gcceleration at interface without
payload (sinusoidal)

H? = gpparent weight of Toundation as
sern by payload

W_ = apparent weight of paylocd as seen
by foundation

Pr = interface apparent weight with
foundation and payload joined

(Hp - wp) .
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Similarly, if the force excitation were
randon (%), and the random acceleration re-
sponses vere and “I with and without the
payload res ively, the following relation-
ships would apply.

2 2
A a

P I“F»"pla -aF ﬁ;

%

vhere

JI = PSD response at interface with
payloed

aF = PSD response without payload

W, = apparent weight of foundation as
seen by payload

¥_ = apparent weight of payload as seen
P by foundation

W o- interface apparent weight (tvlF + Hp).

3) Vibration Response at Interface with
Different Payloads

Continuing with example 2 and Figure 6,
above, the response of a different payload
.‘"p].) would be related to the response of W,

as shown below. Both sinusoidal (Gn) and
randon (@n) interface responses are considered.

The sam2 sine and random force excg.tations
(F and ) as in example 2 are assumed.

WF+w
On = %li
F pl
2
W, + W
S =B .I_F'.__L,_
Il ,W*W l2
F pl

vhere

W 1" apparent veight of different
P payloads

Gn = sinusoidal response nf rayload Pl
on foundation

an = PSD response of payload Pl on
foundation

p = seme as in example 2
‘91 = game &8 in example 2
WF = gsame as in example 2
HP

= game as in example 2
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%) Driving Force at Inteiface

If the payload-foundation interface re-
sponse (Gy) is known and the foundation and
payloed apparent weights are mesesured to dbe
Wp and W, respectively, the following infor-
mition c&n be calculated.

a) Force Driving Payloed

F,= G wp (sinusoidal)
2
3p - &Ilwpl (random)

F_ = ginusoidal force driving payloed at
P interface

¥ = random force spectrum driving pay-
load at interface.

b) Force Driving Foundation

FF = GIH?

. 2
T = oy [Wg |

where

FFJF = sine and random force respec-
tively driving foundation from
interface.

¢) Total Interface Driving Force

P = GI(VF - wp) = P_p +F,

. 2
Fp = W, » wpl
FI,3I = sine and random force respec-

tively driving foundation and
rayload at interface.

5) Transfer Function

Acceleration response ratio and transfer
apparent weight are the two forms of transter
function which will be considered. A transfer
function is the complex ratio of an input to
the response at a different location and can
therefore take many forms.

a) Acceleration Response Ratio Transfer
Punction H(w)

Consider the test item in Figure 7. The
response ratio between input at point 1
and response at point 2 is

%
H(w) = N (sinusoidal)
1

|1 w) la - ;i— (random)

i
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vhere
H(w) = transfer function
01,2 = ginusoidal acceleration

«91 2" acceleration spectral density.
3

1 G2 or 4y

F G
1 L 02
Vg = c; H(s) = q
3 &
Wyp!? < 7 el? < 2

t (’l or ..9‘
i Fl or 1
Pig. T ~ Transfer Functions

b) Transfer Apparent Weight

Again consider the test item in Figure 7.
The ratio of input force at point 1 to
the acceleration response at point 2 is

F
1
W B o=
12 02
From (a) above we also can write this as
follows
W = ok
12 Hwe, °

By previous definition, Fl/Gl is defined

as point apparent weight. Therefore

.2
Y12 = Way "

The basic relationships presented above
will now be applied to the derivatinn of labor-
atory test specifications and procedures.

VIBRATION TEST SPECIFICATIONS AND TEST FROCE-
DURES AS A FUNCTION OF APPARENT WEIGHT

The fundamental equations outlined in the
previous section will now be applied to various
test programs. Bvaluation of a system's func-
tional and structural integrity, under field

[ i

s e

- priiohonrhar
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vibration environments, requires that the
laboratory test be as accurate and realistic
as possible. These requirements dictate that
field data be used in establishing test cri-
teria whenever applicable field data is avail-
able. Unfortunately, many times field data
camot be measured in the form required. For
example, the input force spectrum at the base
of a field system is difficult to obtain since
force transducers must be inserted intermediate
to the path of force transmission. This is
normally prohibitive due to tolerance changes
and/or strength changes resulting from the
transducer(s). Also, apparent weight measure-
ments on field foundations are hard to obtain
due to their remoteness, size and availability.
Obviously, one is forced to compromise with
the ideal situation. Typical compromises, in
lieu of more realistic techniques, are outlined
below.

It should be noted that the purpose of
this paper is to demonstrate the use of op-
parent weight and not to Justify the techniques
to which it is applied. The arguments for the
various tests are thoroughly covered in cited
references associasted with each case discussed
below,

Case #1 - Derivation of Sinusoidal Force Input
Spectrum |l

Field vibration responsss of 2 system were
measured during & large number of field tests.
This data (Gp) obtained from field accelerom-
eters located at the laboratory input control
interface w«s analyzed in the form shown in
Figure 8. This plot represents the maximum
acceleration within selected fr.quency bands
and 1s obtained from Sandia's "IERAN (5] data
system.
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Fig. 8 - Measured Field Vibration
(Maximm Response) Op

et ]

400 460 8O0 1000 20

e oo i W
B




Using example 4a from the previous section, the
maximm force driving the system is

FI = GFH
where
FI = force input to test system
GF = field acceleration at input interface
W = gpparent weight of test system.

In this case, the field acceleration (Gp)
at the base of the test system is known from
Figure 8 for each pre-selected frequency band.
It is desired to calculate a constant force
input Py for each of these frequency ranges.

The system apparent weight W was measured
in the laboratory and is presented in Figure 9.

DASHED LINE: BAND AVERAGE
APPARENT WEICHT (§)

1000

AN

APPARENT WEIGHT (1b)

i W i

10 100 T

FREQUINRCY (Hz)

Fig. 9 - Measured Apparent Weight
of Test System

As shown in Figure 9, the apparent weight over
each bandwidth was blased to a min!muan constant
value as follows.

W=W

min )

+ G (W = oy

wvhere

W = gveraged apparent weight in each
band

W hain ™ minimun apparent weight in each
band
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wmx = maximum apparent weight in each
band.

Minimum apparent weight corresponds to maximum
acceleration response. Therefore, the apparent
weight is biamsed to minimum vealues since it is
to be used with maximum field acceleration.

Finally, application of FI = HGF resulted

in the force spectrum depicted in Figure 10.
(Note that the force spectrum could be faired
over the frequency test range to provide a
non-stepped control.) This force spectrum was
used as the input control. The test item is
now driven with an approximation of field force.
In addition, interface acceleration was limited
0 as not to exceed the maximum field accelera-
tion (GF) from Figure 8.
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Fig. 10 - Computed Field Forces

Case #2 - Derivation of Random Force Input
Spectrun

As in Case #., field vibration measure~-
nents were made during field operations with
several units. A random PSD analysis of each
field test was plotted. The PSD plot in
Figure 11 was obtained by enveloping the maxi-
num from the composite spectra.

Again, using example 4a (random) the force
spectrun is calculated as follows

- -2
7y = Wl

The random acceleration spectrum 4, was the
enveloped composite spectrum in Fijure 11. The
system apparent weight was measured and band
averaged as described previously.

W Wy 01 ("max " Win

)

The band averaged apparent weight is
depicted in Figure 12.

as
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The Fp spectrum resulting from use of the By cowparison, vhenever the limited force

above equation is shown in Pigure 13. spectrun # i3 less than the derived spectrum H
» the compensation must be properly equalized. @
Case §3 - Derivation of a Limit on_Randon Force will be used as the input spectrum over what~ g
Spectrun from Case #2 (6] eVer frequencies 1t is less than %. i
Limiting the acceleration response spec~ Note that one could just as well determine 3
trum at & location above the control interface transfer apparent weight between input force i
was also required. Unlike sinusoidal testing, and acceleration response at the limit point. f
there is no way to limit random spectrums with :
commercial or in-house electronics. It thus . :
becomes necessary to limit the random response I '2 e § j
through proper equalization of the input force 12 A :
spectrum. The procedure is illustrated below. :
Assume a point above the control interface where
is to be limited so as not to exceed a random
spectrun & during the force controlled test ¥, = transfer apparent weight
derived eariier. The transfer function H(w) 12
between the input (GJ%Omd limit point (Gp) can %) = input force spectrun
be measured in the laboratory.

“92 = response PSD.

I TUINE W SRPUEEEIPTT R YIRS ST SEO SRS

G,
#(w) = 0_2 (sinusoidal) Then, replacing &, with & one can find % .
1
2
4 % = |w,|%
B(w) 2 = £ (randon) . L
1. :
where i
The required acceleration spectrum (&) at ;
the input is therefore ﬁ '..*'L = {nput limit force spectral density z
"12 = transfer apparent weight g
8 :
g = = limit PSD. .
T T P ’ ;
As discussed previously, ,'
where j‘
& = input PSD P ;
I 12 © H wjol fi{w) %
& = limit PSD §
vhere 2
H(w) = transfer function between input 4
and limit points. "12 = transfer apparent weight %3
B
Using the definition of apparent weight, W = point apparent weight 4
the required force spectrum is §
H(w) = transfer function (Je/al). M
2 W
R (W) 4, Substituting into tne above yields §
2 ¥
where W *
= In(wSI 4, » 1
3!. = input limit force spectral density 4
}
W= test item apparent weight vhich shows that both approaches yield the same !
results. 3
& = input PSD Case #4 - Simulation of a Structure's Apperent i
4, = linit PSD Welght i
4
Many situations arise vhere it is desired i
H(w) = transfer function as described above. to insert the apparent weight of @ structure 4
into the test configuration [2]. It ien't .
J
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normally feasible to physically insert the
structure, so a technique [2] has been developed
whereby the apparent weight is electronically
simulated., This technique simulates the blocked
force and apparent wveight of the test foundation
according to Norton's theorem.

Elsctronic simulation techniques have been
developed and applied at Sandia [2,3]. Pasi-
cally, the technique consists of utilizing an
analog computer that determines what the re-
sponse of the test item would be to a force
controlled input if the simulated apparent
weight were physically present. It then main-
tains the determined acceleration response at
the test item shaker interface. Full coverage
of the techniqua and the electronics required
18 included in the cited references.

APPARENT WEIGHT AS HONDESTRUCTIVE TEST TOOL

Apparent weight has numerous uses in
defining the mechanical characteristics of
systems. These include system modeling, system
comparison, and post-test diagnosis.

1) System Modeling

As discussed previously, the mechanical
characteristics of a system can be interpreted
from the apparent weight data. Of particular
advantage are the overall system apparent
velght characteristics which can be determined.
The dynamic analyst uses this apparent weight
data to confirm and/or modify the system model.
In addition, this data can influence system
design changes.

2) System Comperison
a) Comparison of Different Units

Many times the question arises as to the
similarity of two units. The dynamic
characteristics can be effectively com-
pared through their apparent weights.
Figure 14 shows the similarity between
two units analyzed in the laboratory.
Although there are minor differences, the
systems are within expected tolerances.

As another example, two distinct patterns
were ohserved as shown in Figure 15.
Approximately 50 percent fell into each
category. It was necessary to know which
type system vas used in field tests since
the apparent weight characteristics were
electronically simulated in laboratory
tests [7,8].

b) Comparison of 8ame Test thit - Different
Configuration

Figure 16 is an apparent weight plot of
the test unit before and after addition
of & subsystem. The anti-resonant peak
at about He is unaltered, but the
higher frequency (>%0 Hz) characteristics
have changed.

66

APPARENT WEIGHT x 102

8w Ew

20 190 200 300 ©0%00 1000 2000
FREQUENCY (HZ)

Pig. 14 - Similarity Between Apparent Weight of
Two Systems (Same Design)
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Fig. 15 - Differences Between Apparent Weight
of Two Systems (Same Design)
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APPARENT WEIGHT x 102 1b
~

Xuovledge of this type characteristic
change is important when field data and
apparent weight plots ere used to derive
laboratory test specifications as de-
scribed previously.

3) Post-test Diagnosis - Detecting Unit Damage
by Apperent Weight Analyses [9]

Pre-test and pest-test apparent weight
analyses were made on a unit which hzd been
subjected to a vibration test program. The
results are shown in Pigure 17.

20

— PRETEST W
10 -~ POST-TEST W,

10 20 50 100 200 500
FREQUENCY (Hz)

Fig. 17 ~ Pre-Test and Post-Test Apparent Weight

Damage during testing is evident. In this par-
ticuwlar case the data revealed that structural
failure of a support flange had occurred. The
support flange was redesigned.

Pre-test and post~test comparison is be-
couing standard procedure on units subjected
to complex test series (radiant heat, ghock,
vibration, ete.). Many times this allows the
project consultant to evaluate test results
without having to disassemble the unit for
inspection.

Apparent weight is a powerful tool in
vibration testing. However, it 18 not simple
to measure this characteristic in the labora-
tory. Some of the problems and associated
precautions were discussed previously in the
section entitled "Measurement of Apparent
Weight." Purther consideration to this problem
ies given below.

1) Dynamic Range

Tracking filters, log converters, voltage
amplifiers and phase meters normally have a
maximum of 70 dB dynamic range. On the other

hand, apparent weight plots many times exceed
this range limit.

As a result, control of constant force or

acceleration input across the frequency range
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may not be possible. Variable force or accel-
eration input and force-acceleration product
control are solutions, but should be applied
with caution since system nonlinearities can
affect the test results. Problems resulting
from nonlinearity are discussed below.

2) Phase Measurement

Since apparent weight is a complex ratio,
care must be taken to preserve the proper phase
between force and acceleration. Tracking £il-
ters and log converters do not necessarily
maintain phase coherency. Algo, tape machines
my pose problems for phase coherent recording.

3) System Nonlinearity

A nonlinear system will exhibit apparent
veight characteristics which are different, the
differences normally being a function of input
amplitule and/or direction of sweep.

a) Input Amplitude Effects

Figures 18 and 19 are plots of two dif-
ferent guslyses (upsweep vc. dovnsweep)
of the same test system. Both plots were
from 1/2 g input control. All conditions
(fixturing, input, etc.) were unaltered
for the two tests. The results shov that
the data ic quite repeatable. (Figures 18
and 19 on following page.)

Figure 20 depicts the results of a 5g
acceleration input control (vs. 1/2 g in
Figs. 1B and 19). The consequent differ-

ences in the system characteristics are
obvious.

.

iy

FREQUINUY (HD)

Fig. 18 - Apparent Weight of System Measured

During Upsweep (1/2 g Ccnstant Input)

Compare to Figure 19
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b) Bweep Bifects

Figures 21 and 22 compare a unit analyzed
during an upswzep and downsweep, respec-
tively. Note the difference in the anti-
resonant arplitude at 50 Hz (900 vs.

1400 1b). It should be noted that such
& dras%ic change is an exception, not a
rule. However, one must be aware that
this type discrepancy can occur.

CONCIAISION

Apparent weight is a valuable tool for the
test engineer and dynemic analyst. The field
of application covers system aralysis, test
specifications, test technigues and trouble
shooting.

Tha intent of this paper has been to
acquaint test and design personnel with typical
ayplications, techniques and problems.

In particular, it should be noted that
apparent weight is a relatively new tool in
the vibration laboratory. Knowm limitations
and inherent inaccuracies should be fully
understood prior to application.
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DISCUSSION

Voice: The amplitude did not matter under
testing, because you had lower accelerations
than in the field, In your tests did you have any
problem with nonlinearities, in the system that
you later discussed, where the accelerations
were greater? Did that affect your apparent
weight calculations?

Mr. Hunter: Tiere are a couple of dif-
ferent systems here. On the system that I
showed for cur unit diagnosis, all of the accel-
erations were low. We did not use this apparent
weight in deriving test specifications for any
unit. In the earlier part of the paper, where I
talked about deriving the test specifications for
a unit, the forces and accelerations in the mea-~
surement of the apparent weight did, indeed,
approximate the field measurements. If we had
tried to use those later measurements just for
unit diagnosis, I am sure we would have had
problems, because it looked like a pretty non-
linear unit,

Voice: I have not had very good luck with
phase mefers and I cannot seem to get better
than 10- or 15-degree resolution in the angle,
Maybe it is because the signals I measure are
not pure sinusoids, They are sinusoidal inputs,
but the outputs are not sinusoids. Did you have
any better luck than that? For me 15 degrees
was a real problem, With the kind of resolution
I get, it hurts if I have that much scatter.

Mr. Hunter: I think normally we have got-
ten better results than that, probably in the
neighborhood of + 5 degrees, but a lot depends
on what you define as the resolution. If you are
testing an item that is severely non-linear so
that there are many second and third harmonics
in the acceleration response, and if you filter

10

that response to get a clean zine wave, the phase
of the clean sine wave output can be measured
pretty well. We have had good results with sev-
eral different types of phase meters, However,
if you want to argue the question, “What phase
are you trying to measuve with this noise on the
signal ?” that would be a different question.

Mr. Bouche (Endeveo): I assume from your
discussion that you are messuring point apparent
weight or point acceleration impedance. Is that
correct in most of theee practical applications ?

Mr. Hunter: The practical diagnoses of unit
failure and that sort of application were really
point-apparent-weight measurements using a
small exciter and a single force gauge. For
most of the test specification derivation work,
we have been using a ring of force gauges con-
taining perhaps 10 to 15 force gauges in a sand-
wich fixture arrangement and measuring result-

ant acceleration on a ring just above the gauges
on the unit,

Mr, Bouche: Do all accererometers ex-
perience the same acceleration motion?

Mr, Hunter: Not necessarily. That is a
pretty strong limitation that I should have men-
tioned in the discussion. We assume that all
points on the test item have the same motion. If
they do not, of course, an error is introduced.
The amount of error depends on how much mo-
tion gradient you have across the base of the
item, For most of our applications, we have
tried to hold our frequency range down, e.g,
below 500 Hertz, in order to get some sort of
reasonable correlation between the acceler-
ometers,
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TRANSIENT TEST TECHNIQUES FOR MECHANICAL
IMPEDANCE AND MODAL SURVEY TESTING

John D. Favour
Malcolm C, Mitchell
Norman L., Olson

The Boeing Company
Seattle, Washington

The historical development of transient test techniques util-
izing the modern digital computer to analyze transient data to
define mechanical impedance and modal survey information is
discussed. Complex frequency functions, such as apparent mass
and transmissibility transfer functions, are developed through
ratios of Fourier transforms and digitally plotted both in rec-
tilinear (magnitude and phase vs, fre uencyg and polar (Nyquist)
forms. Validation of early software ?prior to the advent of
Fast Fourier Transforms), through mechanical impedance measure-
ments on the Bouche aluminum beam demonstrated dynamic range and
frequency accuracy superior to existing analog techniques. The
operating logic of present digital software routines is dis-
cussed., Attention is drawn to the digital plotting of transfer
function data in the polar (Nyquist) form, and in particular,
the advantages of the annotation method developed.

“he developed transient test techniques have been utilized in

the analysis of spacecraft, missiles and airplane flutter model
testing.

The major bending and torsional modes, and natural frequencies,
of a large spacecraft structure were clearly identified via the
Nyquist plotting routine. The structure was excited with a
force step function and the transient response at various loca-
tions analyzed. This data is presented as a relatively
straight-forward use of the technique,

A cantilevered supersonic wing flutter model was tested using
a transient fast sine sweep. The structural transfer function

obtained is compared to a transfer function obtained by an
analog steady state vector analyzer., Because of the close
spacing of modes, typical in airplane wi g structures, the Ny-
quist presentation of the transfer function is used, This
data demonstrates the ability of the transieat excitation
techniques and the Nyquist presentation to obtain the best
estimates of normal mode response without multiple exciters
when the actual resporse is far from being orthogonal.

BACKGROUND

During the early and mid-sixties,
the aerospace industry had a love affair
with the concept of "Mechanical Imped-
ance". The Boeing Company, like all
other aerospace contractors, developed a
mechanical impedance measurement capa-
bility. The equipment suppliers offered
a variety of equipment, all of which
relied upon sinusoidal forcing functions

n

to excite the test article., Narrow
bandwidth tracking filters were gener-
ally the "heart" of the analysis equip-
ment. Those practitioners of the “"art"
soun found out, amongst other things,
that the accurate measurement and plot-
ting of the mechanical impedance of a
High Q, mechanical system required very
slow sinusoidal frequency sweep rates
and could consume from 20 to 40 minutes
time to complete one plot., Furthermore,
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non-linearities and drift were a prob-
lem with individual components, such as
frequency converters, oscillators,
tracking filters, phase detectors, etc.,
such that the final plot could not be
expected to exhibit a high degree of
accuracy. To compound these problems,
the data plct, to be of any further use
analytically, had to be reduced, gener-
ally by some manual means. This added
to the errors and the overall time con-
sumption. Because of this, a parallel
research effort was initiated to devel-
op an accurate and stable technique of
measuring mechanical impedance, trans-
missibilities, transfer functions and
other forms of input-output relation-
ships generally associated with linear
systems analysis techniques.

Because of some prior experience
on a linear system research [1] problem,
the digital computer was chosen to be
the nucleus of the new mechanical im-
pedance technique. The reasons for this
were the following: a) it was stable,
repeatable and accurate, b) the output
data could be in both piotted and listed
form, ¢) it permitted the utilization of
non-sinusoidal excitation, thereby sav-
ing time, and d) it simplified the on-
site data acquisition requirements,
This research led to the development of
a packa?e of computer software entitled

"IRES" [Impulse Response), The "IRES"
program 1s designed to analyze transient

or impulsive forcing functions and the
resultant response data. It does so by
computing the Fourier Integral Trans-
forms of the transient forcing function
and re<ponse data and subsequently
ratioing the two transforms to yield the
system transfer function., This is a
straight-forward iinear systems approach,
This software program was developed
prior to the deve?opment of the Fast
Fourier Transform (FFT) [2] and relied
upon a Fourier transform algorithm en-
titled "FXFORM", FXFORM permitted the
solution of the Fourier Integral equa-
tion at any desirable frequency, not
just integer multiples of the funda-
mental frequency (inverse of record
length, T).

The FXFORM program provided very
high resolution in the frequency domain
and the ability to define very sharp
peaks and notches., Figure 1 illustrates
the high resolutfon and sharpness made
Poss{ble with FXFORM, Figure 1 is an
"apparent mass" measurement on the
"Bouche" [3] aluminum beam measuring
3/4 in. x 3 in, x 36 in. This fiqure
illustrates the quality of resonant fre-
quency correspondence between theoret-
ical and measured. Refer to Table 1,

10,000

1,000

APPARENT MASS, LB/G

T2

APPARENT MASS MEASUREMENT ON
ALUMINUM BEAM

100

10

0 100 1,000
FREQUENCY, Hz

Figure 1
THEORETICAL [4]
RESONANT 74.5{118.6] 474.4] 640
FREQUENCY, Hz
MEASURED
RESONANT 74.31118 459 625

FREQUENCY, Hz

TABLE 1, THEORETICAL & MEASURED RESOHANT
FREQUENCIES OF STANDARD BEAM

These results were superior to any-
thing produced by our commercial analog
equipment. The only disadvantage to the
digital method was the data turnaround
time, 24 to 48 hours after test. The
test data was recorded directly in digi-
tal form by a portable analog to digital
converter and tape storage unit. Three
channels of data could be recordea to
accommodate the necessary mass cancella-
tion computation, Upon completion of
testing, the digital magnetic tape was
sent to . e Central Computer Processing
Center and processed on the IBM 7094
computer. This technique, developed as
a result of "in-house" research, found
scattered usage in many tests but failed
to receive general acceptance due to the
long turnaround time required 2nd some
customer reluctance to test with a "new"
method.
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DYNAMIC DATA ANALYSIS SYSTEM AND IRES

In 1968, a new data acquisition
and analysis system designed around an
XDS Sigma Il digital computer was ac-
quired, This system, the Dynamic Data
Analysis System (DUAS) [5] was developed
for test support and analysis of trans-
ient and random data, The system pro-
vides "on line" time and frequency
domain analyses for both local and re-
mote test operations, thereby elimin-
ating the long turnaround time problem.
The IRES program was rewritten (using
the same general methodology) to be com-
patible with the DDAS.

The source of data inputs to the
DDAS is analog FM tape containing cali-
bration data, the forcing function, the
response data and an IRIG B time code
signal., Calibration and data signals
are digitized by a cual channel, 10-
bit-plus-sign, synchronous-sampling
Analog to Digital Converter (ADC).
Digitizing is initiated from the IRIG
time code signal at a time and for a

duration specified by program control
parameters.

The digitized dual channel sinu-
soidal calibr~tion signais, in con-
Junction with the known transducer
sensitivity, calibrates the 'raw' data
into engineering units and provides the
cross-cnannel time delay or skew infor-
mation, which is used to remove un-
wanted skew from the time domain data.

Any D.C. offset, or tare value,
immediately prior to initiation of the
transient test data is subsequently
subtracted from test data be/ore trans-
lation to engineering units,

The resultant transient test data
15 verormatted for time history plots
(if desired) and Fourier transform com-
puta*ion.

The DUAS Fast Fourier Transform is

a modified Cooley-Tukey algorighm (6]
calcalated in a Digital Spectrum Analy-
zer {"SA). The DSA is a smai! special
purpuse computer, ccntrolled from the
Sigma IU Central Processing Unit (CPU),
It is comprised of twn 4096 word mem-
ories, one of which typically contains

i{me domain data, and the other, a sine
or cosine funct.on. The multiply-add
cycle time of this adevice is approx-
imately 900 nanoseconds, The DDAS FFT
algorithm requires that the time domain
data to be transformed be composed of
an integral power-of-two data points.
Zero data values are added onto the end
of the digitized time series to yield
the required power-of-two values for
transformation,

13

The individual transforms of the
forcing function and responses to the

forcing function may be plotted if
desired.

The frequency domain transfer
function is calculated as

T(f) = FR{‘PT

where T(f) = Complex transfer function,
R(f) = Fourier transform of
response function.
F(f) = Fourier transform of

forcing function,

and may be plotted, listed, and or
written on digital magnetic vape, for
reformatting and plotting in Nyquist
form as described below.

NYQUIST PLOTTING ROUTINE

With the reduced turnaround time of
the IRES program on DDAS, the utiliza-
tion of IRES increased quite dramati-
cally. Those structural dynamicists and
engineers, charged with the responsibil-
ity foi laboratory verification of the
structural and dynam.c aralysis of a
complex structure, became increasingly
interested in the possibilities offered
by IRES. The only problem was that they
were not happy with the rectilinear
plotting of transfer function magnitude
versus frequency on one page and the
plotting of phase on another (Fig. 2A).
Specifically, the methods developed by
Kennedy and Pancu [7] were being used
w.th analog equipment and the Nyquist
or poelar plot of a transfer funition
was most useful, The Nyquist plot per-
mits the direct plotting of magnitude,
phase and frequency (see Figure 2B).

The major problem involved with Nyquist
plotting, both witk analog equipment as
weil as digital equipment, has been the
proper and accurate annotation of the
running parameter, frequency. A Nyquist
plotting routine was added to the IRES
software and the solution to the cnno-
tation problem was developed.

iransfer function ¢ata is input to
the Pyquist plot routine via digital
magnetic tape generated by IRES.

The frequency range for plotting is
selectable by program control, allowing
any desired isolated modal response to
be plotted, thereby eliminating the
visual confusion of multiple-overlaid
modes, which would result from display-
ifng the transfer function over its
entire frequency range on a single
plotted page. Moda) responses to be
pl .tted are typically selected by quick




look examination of transfer function
magnitude and phase plots on a storage
and display scope,

The Nyquist polar plane represen-
tation of the system transfer function

is construcﬁedifgom 3dvariab1¢1as. Fre- TRANSFER FUNCTION OF SECOND
quency is t e independent variable and ORDER SINGLE DEGREE OF

the real and imaginary parts of the

t;?nsfer functiog areydgpendent vari- FREEDOM SYSTEM PLOTTED IN
ables,

RECTILINEAR AND NYQUIST FORMS
At each discrete frequency, fi,
the real and imaginary parts of the
transfer function, Ry and I, are
plotted, respectively, on the real and

imaginary axes as illustrated in Fig-
ure 2B.

3

Discrete frequency points on the
locus of the Nyquist plot are denoted
Y by a small square (®) and consecutively
connected by line segments. The set of
points is plotted within a polar circle
of 3 inch radius. The engineering unit
equivalent of this radius is annotated
on the plot.

- e - oo,

LOG MAGNITUDE
S
[2]
Z
d
o
m
PHASE

PHASE
o= ko e o ~{180°

The problem of cliearly and accur-
ately indicating running frecuency was
solved by numerically annotating the LOG FREQUENCY 1
frequency of every ‘kth' puint., "K" is

a value supplied to the pogram by the 2A. COMBINED RECTILINEAR TRANSFER FUNCTION PLOTS
DDAS operator.

|
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0f particular interest to the
structural dynamicist is the notation
¢f maximum rate of change of arc length
with respect to frequency along the
locus of the Nyquist plot. This point IMAG
approximated by locating the maximum
distance between discrete frequencies
within the frequency range plotted.

AT TR, T

=Y

Ve T
R T At ot

R 1, f)
Clearly, this approximation appro-
aches true rate of change of arc length
in the limit as Af=d0, hence, suffi-
ciently fine frequency resolution is of &
considerable importance. Plus (+) sym- 5?
bols on the locus denote the two fre- &
quency points between which the maximum &
distance occurs, g
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Operator/program communications
are perfermed at the DDAS teletype con- PHASE
sole in a conversatio~~1 mode. Required 00 ANGL
control parameters a ‘ew in number and _jz. =0
operator intervention 1s thereby mini- REAL
mized,
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After plotting has been completed, 28 NYQUIST. OLARPLOT
the operator may elect to a) replot (on
the same, or on a different plotter);
b} terminate program execution; c¢)
change any combination of program con-
trol parameters and r -plot from the
stored data or d) read in another
transfer function from the digital data R
tape
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UTILIZATION

“he remainder of this paper is de-
voted to illustrating two of the many
ways by which this transient test tech-
nique has been utilized., The first ex-
ample illustrates verification of
structural dynamics of an ultra-light-
weight, spacecraft solar array struc-
ture, thru a simple "twang" test and
analysis of the structural response,
The second example is a more complex
illustration of how transient excita-
tion and analysis techniques have been
utilized to analyze the modal response
of a cantilevered supersonic wing flut-
ter model.

SOLAR ARRAY STRUCTURE

In the spring of 1970, a test pro-
gram was in the process of verifying
the dynamic structural analysis of an
ultra-lightweight spacecraft solar
array structuyre. Steady state sinusoi-
dal response or resonant searches, res-
onant dwells and resonant delay phenom-
ena, were being used to verify the
analysis. In conjunction with this pro-
cedure, and because of its simplicity,
an additional series of "twang" tests
was also conducted. In each case the
test configuration, instrumentation
(partial), location and method of apply-
ing the step function excitation, or
twang, are shown in Figure 3, On one
side of the structural frame, a woven
fiberglas skin is attached, The solar
cells are mounted upon this skin, For
this test, a lightweight string was
attached to the back side of the fiber-
glas skin, in the center of one of the
structural subdivisions, and run over a
pulley. A 1.5 pound weight was attached
thereby preloading the structure, About
a dozen response accelerometers were
located on the structure. Two will be
discussed; accelerometer Ay, located at
the point of string attachment, and
another accelerometer Az, located on
the frame of the structure, outboard of
Aj. The preload caused both bending
and torsion in the structure,

The test was conducted by simply
cutting the string and thereby app?ying
a 1.5 pound step function (release of
preload) to the structure. The response
acceleration signals at Ay and Ap were
recorded on FM magnetic tape. For pur-
pose of analysis, the force step func-
tion was synthesized on FM magnetic tape
at a later time., The data was then
analyzed via the IRES program, on the
DDAS, and two transfer functions were
computed:

75

Ay (F)

- =2 point ineriance
(f)

Ap(f)

—??;7 = a transfer inertance

Both transfer functiors vere plot-
ted in Nyquist polar form, Figures 4
and 5, over a limited bandwidth of 10 to
40 Hz, Both plots indicaie c¢wo separate
and distinct resonant modes at 12.8 and
29.0 Hz, Clues to the identification of
these two modes are :learly provided
within the two polar plots. In the
point measurement, A1(f)/F(f), (Figure 4)
the magnitudes of the two resonant modes
are quite different with the 29 Hz mode
having the larger vector magnitude, In
the transfer measurement, Ax(f)/F(f;,
{(Figure 5) which is more sensitive to
torsional motion, the two modes are
nearly equal, but in thi, case the 12.8
Hz mode has the larger vector magnitude,
This, along with the prediction from
the dynamic analysis, clearly estab-
lished the identity of the 12.8 Hz mode
as first torsion and the 29.0 dz mode
as first bending,

TWANG TEST SETUP FOR SOLAR ARRAY
STRUCTURE

§§§§§§§§
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3.7
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R=6.0x 10°
r-”’///

270°

FREQ RANGE 0.10$8£ +02 0.4028E +02 CPS
AF=0.3052€ + 00 CPS

0.2838€ + 02
0.2859€E + 02> ASIAF MAX

Figure 4

By strategic location of the res-
ponse transducers and the point of in-
put forcing function, all of the dynamic
modes of interest can be clearly iden-
tified through the analysis of a few
simple "twang" tests.

SUPERSONIC WING FLUTTER MODEL

For preliminary 2valuation of the
techniques of the Fourier trancform and
transient excitations applied to the
testing of complex airplane structures,
a cantilevered wing flutter model of a
supersonic airplane was chosen 3s a rep-
resentative structure. The mocel was
constructed primarily from fiberglias and
balsa wood, with aluminum being used for
the nacelle strut springs. A picture
of a structure similar to the one tested
is shown in Figure 6.

As a basis for judging thec results
of the transient testing, the model was
first tested using a sinusoidal steady
state vector anaiyzer (Aeroelastic
Modal Analysis System - AMAS)[8] [9].
gy setting a frequency on the frequency
synthesizer the resulting complex plane
vector is plotted after the cystem under
test has reached a steady state response,
This process is continued aone frequency
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TRANSFER INERTANCE MEASUREMENT,
AfIF(f)

wo

. 0
R=6.0X 10
270°

FREQ RANGE 0.9766E + 03 TO 0.4028E + 02 CPS
AF = 0.3052€ + 00 CPS

0.1282E + 02
0.1312E + 02 > 88/ 8 FMAX
Figure 5

at a time until the locus of points des-
cribing a mode is plotted., This system

produces excellent complex plane piots.

I1ts main disadvantage, however, lies in

long test times since it requires steady
state response of the test specimen.

The excitation system consists of
a voice coil weighing 20 grams placed in
a constant magnetic field with no mech-
anfcal coupling between the voice coil
and the field-producing structure. The
voice coil is attached to and supported
by the structure under test. Provided
the field intensity is constant over the
range of displacement of the voice coil,
the derived force frem this coil is pro-
portional to its current. Using a con-
stant current source to drive the voice
coil, the coil back EMF is working into
a relatively high impedance and theye-
fore adds insignificarnt damping forces
.0 the model. The force signal consists
of a voltage proportional to the voice
coil current and phase-coherent with ift,

The response measuring system con-
sists of an Endevco 2264 piezo-rezistive
accelerometer with associated power acnd
balance unit: followed by a broadband
instrumentation amplif.er.




*
v

w ok,
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Figure 6

Figures 7 and 8 present the resul-
ting AMAS plats for the direct inertance
measurement for the first 3 modes. The
method used to extract modal data follows
that outlined by Kennedy & Pancu [Ref.
6] in that resonance is determined by
the maximum rate of change of arc with
frequency, dS/df. With the resonant
frequency determined, a circle is fitted
to the data around resonance from which
the angle 8 is determined between two
vectors., This angle is used to measure
the damping value from the relationship

. Af
¢ = ¥ fan 877

where (¢ = damping ratio

-ty
1]

frequency
f = natural frequency
phase angle

[+ <]
n

This relationship is valid for low
damping typical of airplane structire,
For optimum results the angle 6 should
be kept between 10 and 30 degrees. Fig-
ure 7 details the circle fitting and
calculations for the first mode and
Table 2 tabulates the results from the
AMAS steady state response tests, This
data shows significant non-orthogonal
response in modes 2 and 3.

Af = 0.01
MODE o 8 2¢
1 7.00 19° 0.017
2 10.12 32° 0.0072
3 10.28 16.5° | 0.014

TABLE 2: STEADY STATE TEST RESULTS
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AMAS ANALYSIS, FIRST MODE
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Figure 7

For the transient test a fast sine
sweep was chosen as the forcing function,
since it can input about two orders of
magnitude more impulse, or momentum (1b-
sec), into a structure as compared to
using @ bandwidth limited delta function
(assuming the same resulting bandwidth
and peak force), This is obtained be-
cause the duration of the sine sweep
approaches the data sample length, T,
whereas the impulsive excitation usually
lasts less than 10% of T, For the fast
sine sweep test, the initial or starting
frequency of the sweep was chosen just
below the first mode frequency and the
ending frequency was picked to be some-
what above the highest mode of interest
(mode 7). The resulting swept bandwidth

was 5 to 50 Hz., A log sweep rate was
chosen.

Since the required Af is in the
neighborhood of 0.01 Hertz, the DDAS
equivalent to this is 0,00953 Hz and
therefore, the required data length T is

©6.94

AMAS ANALYSIS, SECOND
AND THIRD MODES
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Figure 8

105 seconds (real time), Taking the fast
sine sweep to the 1imit for its duration
results in about a 90 second sweep time
leaving some cushion for the response to
die out at the completion of the sweep,
thus avoiding truncation errors.

The results of the transient fast
sine sweep are shown in Figures 9 and 10
covering the first three modes. Table 3
lists the frequencies and damping ob-
tained from the first three modes using
the transient excitation,

Af = 0.0095

MODE fn ] 24
1 7.01 23° 0.0135
2 10.12 34° 0.0063
3 10.28 23° 0.0094

TABLE 3: TRANSIENT "FAST SINE SWEEP"
TEST RESULTS

it
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Figure 9

The results of both methods compare
favorably even though the analog system
takes more test time.

The following is a discussion of
additional data which can be obtained
from the Nyquist plots where it can be
shown that the diameter of the fitted
(or constructed) circle is equal to
1/2 K, if the plot is the ratio of dis-
placement divided by force (see Ref, &),
assuming orthogonal response. Now, for
a single degree of freedom system,

1
2. K. %, 1 | —t—
(2nf)" = B = F = 7% = 2{n(2nt )

measuring acceleration per unit force
instead of displacement
n

X . -X_ . 1
P enn)?F  2gu(ans )2

and at resonance, f = fn’
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TRANSIENT ANALYSIS, SECOND AND

180°.

where K
M

¢

THIRD MODES
90°
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Figure 10
X _ -1
From
spring constant

mass

displacement
acceleration
frequency

natural frequency
force

damping coefficient

With this relationship, the modal

point mass can be measured from the plot.

This method is subject first of all, to
errors in the damping measurement,
errors resulting from a high degree of
coupling and also to errors in the ab-
solute sensitivities of both the accel-
erometer and force transducers.

The alternate method of added mass
is applicable to the fast sine sweeps
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and the Fourier transform. Using the
Nyquist form of data presentation, the
resonant frequency measurement is sub-
Ject to the least percentage error with
respect to the other measured param-
eters; therefore, this method of added

mass seems appropriate under the cir-
cumstances, It follows:

Mn = unknown modal mass
Ma = small added mass (known)

fn = resonant frequency without
added mass M

fa = resonant frequency with
added mass M

H 3

(2nf )2 = Ao and (20,)? = X
n a

substituting for X,
2, . 2
(2nf )H, = (2nf )%(H +4,)
2 24 . 2
M l(2nf )¢ - (ana) ]-= Ma(ann)

(ana)2
n * Ma (2nr )2 < (207 )7

M

This method is valid only for smaill
added masses since it assumes no change
in the mode shape. For the least amount
of error, this calculation should be
performed at a shaker location producing
the best orthogonal point inertance
response, If large couplings exist, the
calculation is probably not worth making.

With respect to the problem of
measuring the orthogonal mode shapes of
an airplane, the method of multiple
shakers is the best, considering the
accuracy of the measured estimate. How~
ever, the method requires a considerable
expenditure of effort during and in prep-
arations for the test.

It has been shown by Pendered [10]
and later by Craig [11] that the method
of Kennedy-Pancu can produce inaccurate
mode shape data when the degree of
coupling is very high or when there is
damping coupling. However, the Ken-
nedy-Pancu method does provide data
which, {f used in conjunction with the
determinate method of Asher [12], can
set up an effective multiple shaker
test. The minimum test time consumed
during transient single shaker tests
would allow those modes to be identi-
fied which require multiple shaker tests.
The data has also been obtained in a
short time period, after which the mul-

tiple shaker test can be designed and
set up.
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The method of estimating the ortho-
gonal mode shape proposed here, consists
of using a single shaker, the transient
fast sine sweep and the Fourier trans-
form., That is, if a series of accel-
erometer responses to a transient fast
sine sweep excitation were recorded on
magnetic tape, an estimate of the
orthogonal mode shape could be obtained.
First, a Nyquist plot of {inertance would
be calculated for each accelerometer
Tocation, using the transient fast sine
sweep excitation as a common denominator,
For each mode on each_plot, a circle
would be constructed to fit the data
around resonance. A plot of the con-
structed circle diameters versus each
location would result in the estimated
orthogonal mode shape. The resonant
frequency and damping for each mode
would be calculated directly from one of
the Nyquist plots of inertance. The
measurement of modal parameters (mass)
would also be performed based on the
most orthogonal-looking response, The
generalized parameters can then be cal-
culated by normalizing the point of
measurement to the point of maximum res-
ponse using the estimated measured mode
shape. Better yet, if an analytical
analysis exists, the analytical gener-
alized parameters can be normalized to
the accelerometer location where the
modal parameters were measured, A com-
parison between measured and cnalytical
quantities could then be performed.

An interesting footnote to this
investigation is the non-linear char-
acteristic of mode 5, where a response
level above a reference threshold was
obtained, The relatively high force
level produced a rattle in a nacelle
bearing. This rattle produced the un-
usual AMAS steady state response of
Figure 11. The fast sine sweep using a
force level where the bearing rattled
?roduced the plot of Figure 12, A

ower force level produced the more
usual plot shown in Figure 13,

These experiments on the flutter
model wing are part of a continuing
development program directed toward
developing practical methods and tech-
niques of conducting airplane ground
resonance and flight flutter tests
using the Fourier transform and trans-
ient excvitations.

CONCLUSIONS

The techniques of mechanical im-
pedance and structural dynamic testing
thru transient excitation and digital
computer analysis have been transformed
from the realm of academic curiosity to
existance as a realisitc, accurate and

I3
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Figure 13

economical engineering tool. The work
reported in this paper represents a
small segment of a continuing effort to
provide more economical and meaningful
information from the test laboratory.
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DISCUSSION

Mr. Schrantz (Comsat Laboratories): What
is your definition of a fast sweep-rate in terms
of amplitude?

Mr. Favour: It was a constant amplitude,
Mr, Schrantz: What level ?
Mr, Favour: I do not know the level on that

wing. It depends upon the structure of course,
but I do not know what that level was.
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Mr, Schrantz: What was the sweep rate?

Mr, Favour: On that particular example it
went from 5 cycles to 50 cycles in 80 seconds.
Recognizing that, in order to get an analysis of
0.01 cycles delta F, we had to have 100 seconds
of data. If you want to call that a transient, it
really is, The sweep went from 5 to 50 cycles
in 90 seconds and left about 10 seconds of resid-
ual transient to die out, so we had all the data
without truncation.




PREDICTION OF FORCE SPECTRA BY MECHANICAL IMPEDANCE
AND ACOUSTIC MOBILITY MEASUREMENT TECHNIQUES
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Huntsville, Alabama
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G. C. Kao
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Structural impedance, or its reciprocal mobility, has seen limited use in recent years to
tailor dynamic tests of highly critical and expensive components to ensure a highly accurate
control of response loads. These efforts have been generally confined to sinusoidal test
simulations of rocket vehicle longitudinal and lateral modes in frequency ranges at or near
the component response frequencies,

A method, described in this paper, hos been developed to calculate broad frequency range
vibration criteria which account for both primary and component load impedance for
structures subjected to randem acoustic excitation, These criteria rather than being defined
in traditional motion parameters are defined in force parameters and are, therefore, termed
force spectra, The force spectra were predicted by a one~dimensional equation which
utilizes four types of data measured at equipment mounting locations. These data consist of:
Input impedance of support structure; Acoustic mobility of support structure; Input imped-
ance of component package; and Blocked pressure spectrum,

An experimental program was conducted to validate the prediction equation, A stiffened
aluminum cylinder with the dimensions of 3 ft (diameter) x 3 ft (height) x .02 in. (skin
thickness) was used in acquiring input impedances and acoustic mcbilities. An 8 in, x 8 in,
x 1/2 in. aluminum plate was used as a simulated component. The plate was supported by
four sets of leaf springs with four loadwashers attached to the bottom of each spring for
measuring loads. The blocked sound pressure spectra were obtained from microphone
measurements on a rigid dummy concrete cylinder., Two equipment mounting positions were
used in the tests,

All test data were acquired on-line to analog/digital acquisition systems, Computer
programs were written to reduce ond analyze the acquired data, and also to predict the inter-
action force spectra. Good agreements between the predicted and measured force spectra
were obtained,

would probobly be overtested or undertested as com-
pared to actual inflight environments. A more

INTRODUCTION

Component packages of rocket vehicl: are tradition-
ally qualified for acoustic environments by motion-
control (or response-control) testing. Vibration envi-
ronments used in this type of testing are obtained by
enveloping peak amplitudes of measured or predicted
response data, but ignoring effects of component -
primary structure coupling. Consequently, compo-
nents qualified under the motion-contrel criteria
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realistic approach would be first to determine the
interaction forces buiween o component and its
support structure, and then to test the component under
the force-control environments, This approach
requires a prediction technique to define the dynomic
forcing criteria os indicated above, The primary
objective of this paper is to present a method for pre-
dicting interacrion forces between components and




corresponding support structures subjected to acoustic
excitations, Such force environments which are
determined in spectral forms are referred to as "Force
Spectra” in this paper. Research in seeking practical
techniques for defini g force-control criteria has
gained considerable attention during recent years.
Available results which are relevant to force-contro!
studies are presented in Refarences 1 through 10,

FORCE-SPECTRA EQUATION

It is assumed that dynamic responses of a structural
system subjected to excitation by external forces are
predominantly one~dimensional, Thus the dynamic
characteristics of the structure can be represented by o
ene-dimensional impedance mods! as shown in Figure 1,
In this figure, the basic unloaded structure is replaced
by an equivalent structural "black box"; external {oads
are applied at tarminals 1, 2, and component packages
which are treated as load impedances, ZL(u), are

attached to terminals 3, 4. The corresponding veloci-
ties and interaction forces at the attachment points are
indicated by VL(u) and FL(u), respectively, The

structural impedance model, as shown in Figure 1, can
be represented by the equivalent constant-force model
(Thevenin's model) and the constant-velocity model
(Norton's model) as shown by Figures 2 and 3, respec-
tively. The dynamic charucteristics cf the attachment
points (terminals 3, 4) are represented by Zs(u) which

is defined as the support-structure impedance, or source
impedance, i.e., the impedance looking back to the
left of terminals 3, 4 without any loads attached.

Load
External Force Structural Attachment  Component
"dlock dox* Point Packoge
i 3 Y
—0 U‘I‘:; od Can =1 Attachment
Flw) 2 St:ocwu 4 FLY  Equipment
< @) o

Figure 1, One-Dimensional Impedance Model of o
Structural System

Vi

z,6 S0t z,
F ) é ‘1 F ()

Figure 2, Equivalent-Constant Force Model

1 1 ]
V, ) Z'(u) ;,.(u) Z L(«)
| 40 J

Figure 3, Equivalent-Constant Velocity Model

The driving force FL(u) can be shown [11] to have the
following expression:
Zszl.
FL(U) = Vo () ¢ '2?2: )]

Based on Equation (1), the component-structure inter-
action force spectra of vehicle structures subjected to
acoustic excitations could be expressed by, [11] :

2

@)

ZZL

[
2+ZL

s

2

oW =9 (- :

a,.((U)

Where

Power spectral density (PSD) of
reference sound pressure which is
assumed to be constant over the sur-
face over the component attachment
locations.

¢p(0)

= Acoustic mobility at component
mounting locations, and is defined by
the ratio of the rms velocity
response of a support structure and
its corresponding rms sound
pressure.,

o (w)

Due to structural complexities of rocket vehicles,
precise anaiytical approaches to obtain the parameters
defined in Equation (2) are not practical, Therefore,
in order to validate Equation (2), experimentai
techniques were used to acquire measurements

of these parameters on the selected test spacimens,
and to compute the force spectra quantitatively.

The accuracy of the force spectra computed in the
above manner could then be checked by comparison
with force responses nieasured from a simulated com-
ponent mounted on a support structure which was sub-
jected to random acoustic excitations. The approaches
used to implement the measurement techniques outlined
above are depicted in Figure 4,

TEST SPECIMENS

The support structure used in the experiment was a
stiffened aluminum cylinder, as shown in Figure 5,
The cylinder's dimensions were 36 in. (diameter) x

36 in. (length) x 0,02 in, (thick), The cylinder con-
sisted of five aluminum rings and twenty-four longitu-
dinal stringers equally spaced along the longitudinal
and circumferential directions, respectively, All
stiffeners were mounted to the cylinder wall by rivets,
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The dimensions of the individuc! curved anels formed
by the stiffeners were 6 in, x 4.75 in, Two steel rings
of 1in. x 1 in. x 1/8 in. angle cection were riveted at
both ends of the cylinder, and two circular sandwich
plate bulkheads wera bolted to these end rings by 1/4
in, diameter hex bolts and nuts, Each circular bulk-
head was constructed from two steel plates of 1/8 in,
thickness, separated by a 1/2 in, thick plywood
section, Two component mounting vo.itions will be
discussed in this poper, and they are designated as
follows:

o Positions R1, R2, R3, R4: Centers of ring
frame segments

o Positions S1, S2, S3, S4: Centers of longitu~
dinal stiffener
segments

Reproduced from
best available copy.

The dummy rigid cylinder consisted of reinforced con-
crete having dimensions of 48 in, (length) x 36 in.
(diameter) x 4 in, (thick). A photograph showing
the rigid cylinder is presented in Figure 12,
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The simulated component package, as shown in Figure
6, consisted of a 1/2 in.. aluminum plate with lateral
dimensions of 8 in. x 8 in, The plate was supported by
Figure §, Stiffened Cylinder and Input Impedance four sets of leaf springs at its corners, The bottom of
Measurement Locations - each spring was fitted with a loadwasher assembly.

NOTE: Al ports, except Itom No, 2, were made of Aluminum
i Alloy Type 6061-T6
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Each assembly, as shown in Figure 7, consisted of a
Kistler 901A loadwasher which was sandwiched between
an anti-friction washer on the top and an aluminum
mounting stud at the bottom. These elements were
held together with the top clemping strips by a center
bolt as shown in Figure 7. Each loadwasher was pre-
compressed to approximately 1000 pounds level, so
that the tensile and compressive forces induced during
testing could be measured. The total weight of the
component package was 3.81 pounds; the resonances
of the package were mecsured at 110 Hz and 1200 Hz,
respectively. The fundamental resonant frequency of
the 1/2 in. plate was found to be 1200 Hz.

ve-
var

Afuminum Bottom

Clamping Strip

Kistlor 901A Series
Loodwosh

Aluminum Top Clomping Strip

§/164
V8 —i -t
/1624
|.;.}_ oist
Force l Axis

Steef Leave
Spring

Anti-Friction Waher
Dalrin Split Bshing
Be-Cu Stud

Aluminum Mounting
Shd

Figure 7. Details of Loadwasher Assembly
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DATA ACQUISITION SYSTEM

The data acquisition systems employed in the tests are
shown in Figure 8, Bosically, the systems consisted of
four major subsystems described as follows:

o Analog data system

s Central control system

s A/D convarsicn system

o Recording and displaying systar

The key functions of each subsystem are described as
follows:

Anglog Data System

This system was comprised of transducers, such os accel-
erometers, microphones, strain gages, signal cendition-
ing omplifiers and patch panels, Electrical signals
produced by these transducers were conditioned by
appropriate amplifiers to achieve desirable signal levels
prior to the link-up with the A/D systems, A maximum
of 128 data channels are available through the current
system,

Central Control System

The central control system was the brain of the entire
data acquisition system; it consisted of the following
units:

Recording ond
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Figure 8. Block Diagram of the Analog/Digital Data Acquisition System ~
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o XDS - SIGMA 5 Central Processor
s Cere Memory Unit

o A/D Controller

e  Multiplex Input/Output Processor
o Frequency Controller

The peripheral equipment used in the tests is shown in
Figure 8. The main function of the central processor
was to coordinate work performed by various units
according to instructions as given through input devices
(card reader or magnetic tapes). The input instructions
established the requirements for:

e Type of analog signals to be acquired
(sine or random)

Sensitivity factors
Number of data channels
Sampling rate

Frequency range

Full=scale ranges

Data recording or displaying formats
Each unit would then act accordingly to specific in-
structions during the length of a data acquisition
process.,

A/D Conversion System

There were two A/D conversion units which formed
part of the data acquisition system, Each unit consisted
of the following equipment:

SHCIMEN _]

JAY JAY

Wyle A/D
Oote Acquiption
Srtem

o One 64-channel multiplexer
e One sample-and-hold amplifier

e One analog/digital converter (15 bit,
109K sps)

The multiplexer's function was to transmit incoming
analog signals sequentially to the sample~-and-hold
amplifier ot o predetermined rate, The amplifier sam-
pled the signal and applied a gain of 1, 2, 4 or B (as
selected by the digital progrem) to convert the signal
to a desired range. The digitized signals were stored
temporarily in the core unit, and then transferred to
other recording or display devices upon receiving
commands from the central processor,

Recording and Displaying Systems

The recording system consisted of two magnetic tapes
and one randem access disc for storing digital data
received from the core memory unit, Other output
formats could also be obtained by plotting or punched
cards, as desired,

MEASUREMENT APPROACHES

Impedance data for the support structure were acquired
by the impedance measurement systems as shown sche-
matically in Figure 9. Three types of signal were
acquired for each measurement point. These signals
consisted of:

e Force signal
e Acceleration signal

o  Constant Amplitude Reference Frequency
Signal (COLA),

Spoca! Dynomics
Spectrel Dynom.cy Log Voltege
Tracking Filter Corverter
Tm———— M1 1OY2 Ml $D-112
Foree Ovtput ‘l * Log Honeywell Accutete
———— i 'I > - \"‘r' = l ’% 2::'«' - m‘ 1 Amp Adder Curevit
Chorge Amplifiae c ”?‘“ Howlott-Peckore
{ (o)) XY~ Mot
Byrem ¢4 700/ Circus Wt 13
Accelecation Ovtput ﬂ‘D B l ?_\ XeAniy
P . ,T hT.— - -

— ._._.] Cortiae Otpnpt
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(Dynemics 720y M) Specrel Dynemics k’
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M 1010
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Figure 9. Instrumentation Block Diagram of the Mechanical Impedance Measurement System
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The force and the accaleration signals were obtained by
employing an impedance head which was bonded to
the aluminum cylinder by Eastman 910 or commercial
dental cement, All measurements were made in the
frequency range from 40 Hz to 2000 Hz with sinesweep
forcing techniques. The sweep rate was set ot one
octave per minute for all test runs, During each test,
controls were exercised to maintain minimum force and
acceleration levels by the amplitude servo monitor in
order to achieve high signal levels throughout the
frequency range of interest, Wilcoxon impedance
heads Z-602 and Z-13 were used to measure smped-
ances at Locations R and S, respectively.

The measurements of the component package imped-
ances utilized the instrumentation set-up as shown in
Figura 10, The component package was mounted on @
shaker (Ling Model No. 286), as shown in Figure 11,
which was used to provide input forces for driving

the component, Response signals were obtained from
two accelerometers, Al and A2, mounted on the
center of the 1/2 in, plate and the base plate, respec-
tively. The force signals were generated by the out-
puts of individual loadwashers, The input impedance
signals consisted of COLA, force and A2 responses;
whereas, the transfer impedance signals consisted of
COLA, force and Al responses,

The measurements of vibro-acoustic data were conduc-
ted in Wyle Laboratories' 100,000 cu ft reverberation
room. The acoustic mobility measurements consisted
of measuring sound pressure near the surface of a con-
crete cylinder, and simultanecusly acquiring the res-

aluminum cylinder, The two cylinders were placed
necr the center of the reverberation room and were
spaced 10 feet apart from each other, A coritrol
microphone, used to acquire the reference sound pres-
sures, was located near the center of the room and 10
feet above the floor level. Figure 12 shows the rela-
tive positions of the microphones and tha fest cylinder
in the reverberation room. Blocked sound pressure

Figure 10, Measurement of Component Package

ponse data at the component mounting positions of the Impedance
 Oncillotor Refurance Signal
’ """:‘" o | tocdwarhen,2,3,4
M Summed Feedbock
System
Acce! Signot
Faedback Buffer Amp Summing Junction
Chorge Amp 50 mv/ibeGarn 111 12 $ev/16-Gain 0 25 1
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Figure 11, Instrumentatior Block Diagram for Impedance Measurement of the Component Package
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signals were acquired by four microphones which were

placed about 1/4 in. cbove the surface of the concrete

cylinder. The .nter dish:vres between microphones
ware set identical to that of the component mounting
positions (6 in, x 4,75 in.).

Focmam
/( Test Cyfindee
H .

N
R.g 4 Concrete
Cyl Ade

| VO

Figure 12, Relative Positions of Test Cylinders and
Microphones in the Reverberation Room

To obtain the response data of the aluminum eylinder
for computing acoustic mobilities, the average accel-
2ration responses ot the R and S locations wera requir-
ed. The average responses at these locations were
obtained by placing four Endeveo Type 2226 accelero-
meters at positions indicated below:

R1, R2, R3, R4
S1, 82, 53, s4

Following the acoustic mobility measurements, the
component package was mounted on the aluminum
cylinder ot locations R and S, respectively, for
acoustic testing, A typical test position of the com-
ponent is shown in Figure 13, The blocked pressures
were acquired by four microphones located near the
surface of the concrete cylinder, The interaction
forces between the component and the aluminum cylin-
der were sensed by the Kistler loadwashers; and the
responses of the plate were acquired by an Endevco
Type 2226 accelerometer. Instrumentation employed in
the vibro-acoustic tests is shown in Figure 14,
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Figure 13. Measurement of Component Package
Responses
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Acoustic Experiments
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REDUCTION OF MEASURED DATA

The acquired data may be classified into two general
categories: the sinesweep data; and the random data
obtained from the vibro-acoustic tests. These data
were subsequently analyzed to obtain: the component
package impedance, support structure impedances,
acoustic mobilities, blocked sound pressure spectra and
the measured force spectra. The reduced dota were
stored on magnetic tapes and were used as "inputs” to
compute the predicted force spectra.

The component impedance was obtained by dividing the
total force acting on the component by the velocity
response of the base plate (A2), The total force was
obtained by summing the loadwasher responses, The
component impedance plot is shown in Figure 15, The
resonant frequencies of the component as seen from the
shoker are located at 110 Hz and 1200 Hz. The latter
frequency is the fundamental frequency of the 1/2 in.
plate.

i

T F T ETIT) T T TV Iiiry ¥ T 1T T res

w' =

]

1
o 000

Velocity Impedance, Ib-sec/in.

" s 1 aant Lo gl R RN
» "w 08 *

Frequency, Hz
Figure 15, Impedance of Component Package

The resultant impedances at the R and S locations were
obtained by summing the individual impedances mea-
sured at these locations, The summed impedances are
shown in Figures 16 and 17, The impedance at the R
location is controlled predominately by the stiffness of
the ring frame from approximately 100 Hz to 1000 Hz.
The characteristics of ring impedance are not obvious.
This phenomenon might be attributed to the weakening
of the ring stiffness due to the deep cut-outs in the ring
frames, and the stiffening effects contributed by closely
spaced longitudinal stringers, The dynamic stiffness is
approximately 35,000 Ib/in. The impedance data at the
S location for frequencies between 40 Hz and 140 Hz
appear to be low in magnitude; this was caused by the
low acceleration outputs of the Z-13 head, The low~
frequency stiffness (between 140 Hz and 500 Hz) is
estimated as 10,000 Ib/in. Major resonant and anti—
resonant frequencies occur in the frequency range from
600 Hz to 1500 Hz, In general, data above 140 Hz
appear to be valid.
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Figure 17, Summed Impedance ot Location £

The analyzed results from the random data acquired
during the vibro-acoustic tests are expressed in terms of
the acoustic mobility data as shown in Figure 18 and
the blocked pressure data as shown in Figure 19,
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Figure 18, One=-Third Octave Band Velocity Acoustic
Mobifity Levels at Locations R and S

o H

PEDY | SR SR U TR W %, A N

e Tis am Bk i ran Y ad m A b i e K 0F Gten e £ i e P K B AR s

v tee am W e A it tma A o ere Me s B

e am o~ a

it



lIIII'l i LI R L] v L DL RR)

F
-
—:3 Acoustic Test
g > Level at
Y " !
2 Acoustic Test Level at” R Location
a S Location
T W
o
2
o
w
w 2t atsal % M N WYY B S T R T
* " ~ e

Frequency, Hz

Figure 19, One~Third Octave Band Blocked Pressure
Levels at R and S Locations

In general the frequency intervals at which results have
been obtained from the mechanical impedance, blocked
pressure, and acoustic mobility spectra are not the
same, It was necessary, therefore, to convert the three
spectra to the same frequency intervals by averaging
and interpolating in each spectrum such that they were
all reduced to identical frequency intervals determined
by the widest interval of the three spectra ot any point
in the frequency range. Since the random data analy-
sis wos at constant bandwidth and the sinesweep data
were collected on a variable frequency interval basis,
the final frequency interval wos determined by the
random analysis at low frequencies and by the sine-
sweep analysis in the upper part of the range,

DISCUSSION OF RESULTS

Based on the input data as described in the previous
section, the force spectra were computed for the R
and S locations, The computed results are presented
in Figures 20 and 21, respectively. The measured
force responses are also presented in the same figures
for comparison, The mms values of these factors have
been computed and are tabulated in Table I,

i T s 173 l\'l T ¥ T 1T TITI RS T T & 7T
. —— Predicted
L "o 1 E
N v meees Measured 3
{ L -g
2 E
iy o
2 3 3
~ [ p
I k
a E 3
"F K
wel s a1l o3yl bt b sl
2 . . e o

Frequency, Hz

Figure 20, Comparison of Fredicted and Measured
Force Spectra (1/3 Octave P5D) at
Location R: OASPL - 136 dB
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Figure 21, Comparison of Predicted and Measured

Force Spectra (1/3 Octave P5D) at
Location S: OASPL - 136 dB

TABLE I, Comparison of RMS Force Magnitudes

Equipment | Refereace Acoustic RMS Force, Lb
Mounting Test Level {50-2000 Hz)
Location ds* Predicted | Measured

R 136 4,43 4.4
2.50
S 136 @.40)t 4,26

* dB = Re 2x 1073 N/m?
t - Predicted force based on modified support—
structure stiffness

Generally speaking, the force comparison at location
R is considered quite satisfactory both in rms values
and spectral characteristics, The comparison at the §
Iscation shows poor ogreement for frequencies below
140 Hz. Such discrepancies are attributed to the
errors incurred in the measurement of impedances of
the support structure at the S locations,

The problems associated with impedance measurements
originated from two maln sources; namely, in the
electronics of the impedance measurement equipment
and the localized structural effects at measirement
points. Based on the experience of the present pro-
gram, the acceleration outputs from the Z2-13 head
appeared to be low at low frequencies. Consequently,

it was found that impedance data measured at S loca-
tions are not valid below 140 Hz, The rocking and
pitching motions generated by impedance heads during
sinusoidal excitations would also affect the accuracy

of the measured data.
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The localized structural effects are uttribuied to the
application of the dental cement in bonding impadance
heads, or the mounting <tuds used to connect the com-
ponant package to the support structure, Cementputties,
deperding on their sizcs and the mixture ratios of the
cement powder and its solvent, would tend %o generate
higher stiffnesses and increated modal massas ot these
points. Such effects would create higher stiffnesses.,
This is particularly true for very flexible structures,
such as mecsurement focations at S,

At low frequencies, the increase in stiffnesses atribu~-
ted to dental cement putties could be estimated by the
i 'lowing equation:

f 2
k| = kz <—73-> -1 (3)

where
kl = localized stiffness
k = stiffness of the component package
2 (4760 Ib/in.)
f = resonant frequency of the component—
! support structure system
f = resonant frequency of the component

packaoge {110 Hz)

The value of fl is estimated as 100 Hz from Figure 21,
Thus the localized stiffness of the support structure is:

k = %f-g? = 2.27 x 10* tb/in.

The above value indicates an increase of stiffness which
is 2.27 times greater than the originally measured value

(10* 1t/in. ).

The predicted force spectrum, which is cumputed based
on the modified stiffness, is plotted against the measur-
ed force in the frequency range of 50 Hz to 400 Hz,
Significant improvements in amplitude accuracies have
been achieved.

FORCE-CONTROL SHAKER TESTING EXPERIMENTS

The cbjective of the shaker testing was to determine the
accuracy of the predicted forces as applied to the test-
ing of comnonent packages. The assessment of accur~
acies was based on the comparisens of component res-
ponses obtained in the vibro-acoustic tests with those
cbtained from shakor testing by controlling input forees
through loadwashers, Instrumentation and testing
equipment employed in the tests are illustrated by the
block diagram as shown in Figure 22, The Ling Elec-
tronics Automatic Spactral Density Equalizer/ Anciyze:
Model ASDE-80 was used to control the test system and
to perform the following functions:

Log Converter
cmcag ==Y
Al [ o ) L i v
Inpot a2 ASDE-80 ] (B Poner
Control IF Auytomatic Armature Current
Specte e Spectral Dengity
. vor He--" +={ &<\ Shoker Power Amplifier
| A Equalizer/Anolyzer Outpot :

Acceleration Signalsy
Force Signals

+ Armoture Current

AZ!

t

Sogomo 357
Analog
Tope
Recorder

Summed Force I F

fote te L

Electro-Dynoric Shoker

Figure 22, Schematic Diogram of the Shaker Testing Program
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faz

e To generate input force spactrg for
vibration tests;

e 7o measure the FSU of feedback signals
from loadwashers on @ continuous basis; and,

e To provide automatic control of the feed-
back PSD's by the use of utomatic servos,

A control spectrum was shaped in the frequency range of
10 Hz to 2025 Hz by 85 separate servo control channels

according to the specified bandwidths of the ASDE-80,
The PSD's of the control forces were based on:

a) The predicted force spectra; and,

b) Loadwasher outputs obtained from vibro—
acoustic tests,

The comparisons of the component packoge responses
at lotations R and S are presented in Figures 23 and
24, raspectively. In the discussion of the response
characteristics, the following terminologies are
defined:

e Measured Response (MR) — Response
measured from a vibro-acoustic test

e Test Response by Predicted Force (TRPF) —
Response gencrated by predicted force spectrg

e Test Response by Measured Force (YRMF) —
Response generated by measured loadwesher
outputs during a vibro=acoustic test,

In Figure 23, the MR correlates satisfactorily with the
TRMF for frequencies below 300 Hz and between 800
Hz and 1200 Hz. The comparison behvesn MR and
TRPF show reasonably good agreements for frequencies
below 200 Hz, bur large discrepancies occur between
200 Hz and 1200 Hz. The increose in response
amplitudes between 1200 and 2000 Hz wos atiributed
to resonant vibrations of the base plates,

In Figure 24, the MR and TRMF cre in satisfoctory
agreement for frequencies below 200 Hz and between
800 and 1200 Hz. The TRPF is in poor agreament

with the MR below 800 Hz. This was certainly, in
part, caused by the errors incurred in the predicted for
force spectrum below 140 Hz, But, it correlated well
for frequencies between 800 Hz and 1200 Hz, Large
amplitude discrepancies between 1200 Hz and 2000 Hz
were caused by resonant vibrations of the base plates,

The results of the force~control testing are not quite as
encouraging as compared to that of the force spectra
prediction. The possible causes for the large ampli-
tude discrepancies in the component responses are
presented as follows,

e Irput Forces — The difference in the
frequency-bandwidth resolutions between
the narrow band PSD analysis (approximately
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Figure 23, Comparison of Component Responses at R
Location (1/3-Octave Frequency Band)

lv‘ i ll'llll LR lrl’lill T LR LI
107 =
N E
T E
“~ -
w I
~ E 100 b
o = E
~ F
Q L
w
a =
5 7~ Resonant
3 Effects
"W

Frequency, Hz

Figure 24, Comparison of Compenent Responses at S
Location (1/3-Octave Frequency Band)

8 Hz) and the ASDE-80 (25 Hz) could change
the input forcing characteristics, thereby
creating different component responses,

o Dynamic Range of the Control System — The
maximum dynamic range of the control system
was estimated as 40 dB which, in many
instances, was considered inadequate for
controlling responses of high Q systems,

e Control Correction Time — The analog con-
trol system requires a minimum of 5 seconds
to correct g 40-50 dB change. The correc-~
tion time may have been too slow for the
structural systems that were tested,

CONCLUSIONS

The folfowing conclusions may be drawn from the
results of the experimental program:

¢ The Force-Spectra equation can be used to
predict interaction forces between support
structures and component packages with
reasonable accuracy provided that sound
estimates can be made of:
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— Input Impedance of Support Structure
—~ Input Impedance of Component Package
— Acoustic Mobility ot Mounting Locatien

— Effective Acoustic Pressure on Support
Structure

e The increase in localized stiffness at the
component mounting locations due to the
application of dental cement will signifi-
canty alter the characteristics of mecsured
impedences, Therefore, it is important that
input impedances of suppert structures should
be determined as close to actual mounting
conditions as possible,

@ When corrections were made to account for
stiffening effects due to localized supports,
the predicted ms forces were found to be
higher than the measured forces.

e Since the coupling effects between a com-
ponent package and ifs supporting structure
are included in the final vibration criteria,
the effects of overtesting and undertesting
on component packages can be avoided.

e Digital approaches to measure mechanical
impedances and acoustic mobilities have
been proved to be practical and feasible in
providing dynamic information for the com-
putation of dynamic environments,

o Improvements in mechanical impedance
measurements are required to achieve de-
sired measurement accuracies.

o The analog control system used in performing
shaker testing lacked the needed dynamic
ranges and correction time. This has caused
poor agreement between component responses
obtained from the shaker testing, and the
vibro-acoustic testing,

However, it is felt that response agreements
could be improved if a digital control system
were ysed, Cuirent digital control systems
can provide 60 dB dynamic range with a
correction time of less than one second.

Frequency resolutions from 4 Hz to 8 Hz are
obtainable.
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DISCUSSION

Mr. Snoulberg (General Electric): Are you Mr, Schock: Yes, the force spectra are

propoeing to average your force at the four
input points?

averaged, but the total impedance is the sum-
mation of the impedaances at thefour inputpoints,
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DYKAMIC DESIGN ANALYSIS
YIA THE BUILDING BLOCK APPRCACH

Albert L. Klosterman, Ph.D. and
Jason R. Lemon, Ph.D.

Structural Dynamics Research Corporation
Cincinnati, Ohio 45227

The availability of mechanical impedance test
equipment for determining the dynamic characteris-
tics of structurec has causad considerable interest
in describing a complex component from test results.
However, the direct uss of digitized response data
for highly resonant, multi-input/output components
ylelds unsatisfactory results when used for further
analytical total.system investigations. fThis paper
describes how the response data can be uged to describe
the component under test and the mathematical formu-
lation necegsary to represent the equatione of motion
of the total systems The procedures are then applied
to large complex mechanical machinery to perform a
total system dynamic design analysis.,

INTRODUCTION

Several authors have attempted to
uge experimentally measured impedance
data to represent various components in
a total system dynamic analysis. [1, 2,
3, 4], However, in casges where the
component under test is highly rasonant
and has multiple connection points, the
direct use of this response data is
unsatisfactory |[1,3]s Small errors in
the measured data are unavoidable with
any of the present or proposed test
equipment. When these multi-input/out-
put subsystems are included in the total
system dynamic analysis, the errors will
be greatly magnified whenever diffsrences
of nearly equal large quantitlies cccur
in the calculations. This work illus-
tratss tachniques which can be used to
determine an analytical representation
of the dynamic characteristics of a
eystem from the response data so that
the 2bove mentioned errors are avoided.
In particular, response data is used to
get up a modified real or complex "modal"
representation of the system under test.
Although the modified modal representa-
tion is not completely general, it is
convenient to manipulate and hasz veen
used satisfactorily to represent highly
regonant componente. These representa-
tions can thsn be combined with
appropriate mathematical representations
of othar components to perform a tolal

97

system dynamic analysis.

Reliable representation of com-
ponents from dynamic teet results
allows for the complete implementation
of a dynamic design analysie procedure
which parallels the design process,
where major structural components or
subatructures, are often designed or
analyzed by different engineering
groups or at different times, There-
fore the design or analysis of each
somponent could proceed as 1ndefendently
as possible with due consideration being
given to the final coupling of sudb~
structures to form the complete struce
ture. Groupa which are designing the
extremely complex components could rely
on impadance test results while groupa
Jesigning structurally simpler compor-
entg could use analytical finite element
investigations. The results of the
dynamic analysis on each component can
then be evaluated by the department with
system rasponsibiliiy to evaluate toial
system dynamic performance before the
gystem is completely assembled. There-
fore full implementation implies mean-
ingful specifications on the dynamic
performance of each component.

This procedure is also attractive
because cach component is represented in
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terms of a reduced number of modal
degrees of freedom. Therefore the de-
grees of freedom of the final mathu-
matical model are significantly reduced
with respect to the total physical de-~
grees of fressdome. This allows the
developunent of a mathematical modsl

vhich is flexible enough to predict the
necessary phenomena under investigation,
but small enough to be easily manipulated.

DETERMINATION OF DYNAMIC CHARACIERISTICS
FROM RESPONSE DATA

In order to detormine a modal re-
presentation of the dynamic characteris-
tics, consider the equations of motion
for steady state harmonic motion assum-
ing the presence of hysteretic dampings

[#I04] + & [0][a] + [K)[a)=[F1e*®® (1)

Normally the assumption of proportional
damping is made where damping is assumed
proportioned to stiffness and/or mass,
in order to uncouple the equation of
motion with modal coordinates. However,
this assumption is not necessary if com-
plex modes are used in the_solution of
the equations of motion [1]+ To deter-
nine the steady state responge due to
sinusoidal excitation [£]=[F] eift

seek a solution in the form [q]=[QJeiB*
to obtains

[[x +10) - 8%[M]] [a]=[F] (2)

Let 82 = A and consider the homogeneous
equations

[(x+101-2 ] [Q=[0] (3

This set of equations has a non-trival
golution if

get [[x+10]- 2 [M]] =0 (4)

There is a get of "n" complex eigenvalues
A r and associated complex eigenvectors
[ #T] which satisfies this homo-

geneous equation:

(k+10])[a"] -2 [M][n¥]=[0] (5)

These complex modes depend on [K], [M]
and [D] and differ from the real normal
modes which depend only on [K] and [M].
Orthogonality of the above complex modes
is easily shown and results in the
following equations:

[ «%17[mMIL #°] = [o]

and for r¥s
[o¥1% [k + 1D][ 7] = [0] (6)
It can be easily shown [1] that

the solution to the equations of motion
can be written in terms of the complex
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modes as followss

n a T
(@ - LTl o)

<3 [ ="K+ iD- 821 =) ()
or
L [ «")7FI[ 7]
el = Z a,( 8 2-18 2g -82) ®)

where [ n¥] and my are complex modal
parameters. The above modal parameters
can be determined by various testing
procedurss and date analysis techniques.
Some of the common methods are the
followings

l; Use of multiple shakers
2) Least square curve fitting
2) Graphical curve fitting

) Eigenvector ssarch techniques

Reference [1] lists a fairly complete
overview of the available techniques.
Space does not permit a complete descrip-
tion of the ebove techniques here, how-
ever for completeness, one of the basic
techniques will be reviewed.

The procedure is basicly similar to
the method of Kennedy and Pancu [5], but
extended to include complex modea [1].
A typical polar plot of the response of
a highly resonant component is shown
in Pigure 1.

IMAG.(Q)

-

Pigure 1 - Typical polar plot
of a highly resonant system

It can be shown that each B, is a fre-
quency where the rate of change of the
arc length with respect to frequency is
a maximum. Once each of these frequen-
cies is located, a circular arc can be
fit to this portion of the curve and the
value of ap?
—_— at g=p
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can be determined. It can be shown that
the value of gy can then be determined
from the following equations

2
1 d 8
& " B2 (a-'-e—;) at g=8, (9)

By constructing a normal %o the curve at
B = B p and recording the angls « , the

components in the complex eigenvalue ecan

gg deternined from the followingz equa-
onss

al qof
-—-'1-,—,,-1-‘-— = arz [uT + 1 vF] (10)
bl

where
Ut = ngR cos

V= g, 2R sin @

R = the radius of curvature at
g =B T

(Note: mp can be normalized to any
value deBired)

By a close examination of Equation
(8) it is recognized that for a parti-
cular frequency range, the component can
be adequately represented by the modes
which are resonant in this range and the
complex flexibility of the modes .bove
the range of interest. Therefore,
repregent the dynamic flexibility equa-
tion [Q] = [G(1B )] [#] in the follow-
ing form

[Q] +[c"(18 )I[FI+[2](F] (11)

where [G1*(18 )7 is determined from the
resonant modes and [2] is the complex
flexibility of the higher modes of vib-~
ration. The complex flexibility matrix
[2] can be obtained by subtracting the
modal response representation, deter-
mined by polar plots, from the total
responce data. 0.8

[2]0F] = [Q] - [¢Mas )I(F]  (12)

The best accuracy for this calculation is
usually obtained at a frequency where

G?a FJ = 0 (1.6, near anti-rosonances

in the nodal response
representation)

DETERMINING THE EQUATIONS OF MOTION OF
THE TO0TAL SYSTEM
The technique of setting up the
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equations of motion in terms of modal
coordinates was ploneered by Hurty Eé].
but further advances have resulted in
the practical implementation of the
method for experimental data [1,7]. The
methed will be illustrated for zero
damping, but is easily extended to damped
gystems Jet the degrees of freedom at
the points of connection to other com~
ponents be designated by the vector [Q].
Then the motion of these points is
ralated to the nodal coordinates y, of
+the component by the equation:

{Ql =[«1 [v] (13)

The equation of motion for the general-
ized medal coordinate, y, iss

(- 8%m, +k) = [ J7[F] (14)

[F] is the vector of forces appliecd to
the subsiructure and [ «_] is the eigen-
vector abbreviated to intlude only the
ccordinates at the connection points,

and those where additional external forces
are applied.

In order to set up the masa and
gtiffness matrices for the entire asgem-
bly, Equations (13) and {14) can de
implemented in the following er. The
equations of motion for the sth com~
ponent can be described in terms of modal
coordinates asgs

[Cxe 3 -82 08 3] (vo2ln®2'P
(15)

where [F®] is the external forces
applied to the sth component. The

uncoupled equations of motion for the
total systems ares
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where
[Ql] = [« v

(@] = [73[ ¥
o (7

[ = [ vPI ™)

When the components are connected, con-
straint equations are necessary to re-
late the various physical coordinates
[Q] at the connection points. Let these
constraint equativns be represented ass

Ql
QZ
IR = [0] (18)
Q"
Substitute Equation (17) into
Equation (18) to obtains -
"ﬂl - ryl
ﬂ2 Y2
[¥] . . | =[0]
) o ‘n
b -l e -
or 7 37
Yl
2
Y
[c]] .| =[0]
.Yn.

When the components are connected, the
total degrees of froedom are redused by
the number of equations of constraint.
Therefore, break the total degrees of
freedom into independent [ ¥;) and
dependent [ yp] coordinates.

¢yl [::] = [0]

o [CDJ [ YDJ " - [cIJ [ VIJ
£ \’D] 8 - [cD]-l [cI] L ’(I]

fcp !
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Therefore,
L -1
R -Lep)” [o] [vd (9)
v 1

e

Write Equation (19) as:

¥p
=[] [v]
Y1
where
e 1-1
R Nl
1

Therefore, Equation (16) becomes:

[Bx3-8200] Co 30 vydeOn 170

or
[[ ¢ 1%k J[ o ]
-8% ¢ 1a 0o 1] Cvgde
Lo I%n]%F)

This set of squations can then be solved
to deternine the natural frequencies,
mode shapes, frequency response, otc.

The basic approach taken with che
previous tachnique is to approximats a
continuous aystem which has a infinite
number of modes by a gystem which has a
finite number of modes. Use of a
smaller number of modes to reprosent a
dynamioal lilt.m always results in a loss
of mass, & loss of flexibility, or both.
Through practical experience, it has been
observed that frequently the flexibility
of componen{ modes outside the frequency
rangs of intareat are important in the
overall simulation, whereas the inertial
properties are not. Therefors the
following toohniguo has been devised to
include the flex bilit{ of a higher modes
without inoluding the in

The sinusoidal reaponse of @ parti-

oular gomponent okn be rofrolontod in
modified dynamic floxibility form ae

T8 = [ v I v 1+ [a)lr,]

(20)

ertial properties.

(21)




where

[2] is the residual flexibility of
%he modes of vidbration not in-
Elu ed in the modal coordinates

Y Je

[7,] is forces at the comnecticn
points.

Algo the following relationship exists
betweecn forces on modal coordinates and
forces applied at the connection points.

(2, 1= - [ = 17[&,] (22)

Multiply BEquation (21) through by [z]'l
to obtains

[F,] = [2072Q,J-[2]"  « I[v] (23)

Subgtitute Eg:ation (23) into Equation
(22) to obtains

[®, J=-L 7 37C237 0 240w 7207w I v ]

(24)
Hance, Equations (23) and (24) become:
R w2~ - afzt ¥
= 1 (25)
?,| |-z 2 Q,

BEquation (25) represents the stiffness
matrix form of an additional element
which can be included in the mathematical
mnodel in order to rapresent the residual
flaoxibility of a particular component.
The inclusion of this elument into the
mathematical model has significantly
improved the simulation for numerous
practical casess In some of the more
critical cases the inclusion of residual
flexibility has meant the difference
between excellent correlation and no
correlation. Therefore, either a

large number of modes should be included
to agcount for all important flexibil-
ities, or residual flexibility should be
added to approximate the effects of the
omitted higher modes.

The above technique was illustrated
for thz came where the modes were deter-
nined from a froee-free excitation test
(.6, the connection points were unre-
strained). Procedures have also besn
developed and will be published at a
lator time for using the modal properties
generated from excitation tests where
gome or all of ‘he connection pointes are
regtrained during' testing. In some cases
this technique ie attractive for the
following reasonsi

1) The free-free zero frequency modes
which are sometimes difficult to
determine, are eliminated.
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2) A fewer number of modes are
needed to obtain an adejuate
rvepresentation if the componsnt
is tested in a manner similar
to the state in which it will be
mounted in the entire asesmbly.

However, to determine all the necessary
parameters from the experimenial test,
when the component is restrained, a
sophisticated mounting system is required
whioch will monitor the forces at the
connection poin¢a which are restrained.
In the case where constrained modes are
used to represent a particular component
it can be shown that the residual nass

of the constrained coordinates also has
& rathor significant effect on the system
simulation.

APPLICATION - LARGE MOTOR SIMULATION

In order to evaluate the use of this
approach te studying the dynamic chare
acteristice of compiex mechanical mach.
inery, SDRC and U.S. Steel Karketing
undertook an antlysis of & 1750 HP
electric motor. An overall view of the
motor is shown in Figure 2.

Fige 2 = 1750 HP Blectric Motor
Foundation System wWhich
Was Analyzed.

The system was divided into the
following components which are shown in
Pigure 3.

1) Motor Base

2) Rotor

2 Fluid Film Bearings
p Stator

Poundation

The motor base and rotor were modeled
with finite clement technicues and their
individual modal charasteristics deter-
mined. The other components were testod
to determine their respective character-
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igtics.

Pig. 3 - Components Selected for the
Dynamic Dasign Analysis.

The motor bass was repragented with
6 rigid body zero frequency modes Z flex-
ural modes and the residual flex{b 1ity
of all other modes. Corrslation bet-
ween the computer model and the test
results on the base alone are shown in
Figure %.
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Fig. 4 - Typical Free-Free Bage Fre-
quency Response.

The rotor was repregented with 6
rigid bvody zero frequency modes and 3
flexural modes. The correlaticen bet~
ween tho computer model and test results
for the rotor are shown in Figure 5.
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F P

Fig. 5 - Typical Free-Frse Rotor Fre-
duency Respense.

The fluid filz Tearings wsre tested
and representsd by a gimpie spring.
dashpot model. The comparisen of &
typical analytical model to test resulis
are shown in Pigure 6.
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Figs 6 - Typical Bearing Frequency
Response.,

The stator was tested and reprs-
gented with 6 rigid body zero frequency
modes and the residual flexiblility of
all other modes. The comparison of the
test data to the analytical representa-
tion for a typical plot is shown in
Pigure 7.
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Pigs 7 - Typical Free-Free Stator Fre-
quency Response.

The foundation was tested and re-
prezented by 6 rigid body zero frequenc
modes and & flexural modes. The compari-
son of the test data to the analytical
representation is shown in Pigure 8.

Fig. 8 ~ Typical Free-Free Foundation
Frequency Responee

Since & relatively crxude mrdel was
used for the stator, it is worthwhile to
combine this component with ths motor
bvase to seo if meaningful rosulits can be
obtained with just these two conmponents.
The forces assumed at the sonnsction
points for the motor hase and stator
model are shown in Pigure 9. The test
results of the motor base and stator
combination are com{ared to the compon-
ent mode model in Pigures 10 and 1l1.

The total systom was then assembled
nathematically and the forces assumed at
the connection points are shown in Pig-
ure 12. The total system response is
compared to the computer predicted
response in Pigures 13 and 1k,
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Fig. 9 - Stator and Bage Free Body Dia-
gram showing forces at the
connection points.

Pig. 10 - Predicted and Measured Fre-
quency Responge of Dase-
Stator Aasembly.
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Pig. 11 - Predicted and Measured Fre-
quency Response of Base-Stator
Asgemdly.
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Pig. 12 - Base, Stator, Rotor and
Poundation Free Body Diagram
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Fig. 13 - Predicted and Measured Fre-
quency Response of Base,
Stator, Rotor and Foundation

System.
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Fig. 14 - Predicted and Measured Fre-
quency Response of Base,
Stator, Rotor and Foundation
System.
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CONCLUSIOKRS

The use of a modified modal repre-
sentation has besn shown to be an ade-
quate representation of the dynamic
characteristics of each component for
perfcraing a total szstem dynamic .
analysis. The modified modul represent-
ation can be detsermined from either test
data or an analytical investigation.
Reliable representations determined from
teat results allows for the complete
implementation of & "bullding block
approach to dynamic analysis” which is
extremely attractive since it is practi-
cally feasible for large complex systems
and parallels the substructuring design
process.
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MOBILITY MEASUREMENTS FCR THE VIBRATIOK ANALYSIS
OF CONNECTED STRUCTURES

D.J. Ewins and M.G. Sainsbury -
Imperial College of Science and Technology,

London, England

The mobility or impedance coupling technique is widely used
for the vibration analysis of structures which comprise an
assembly of connected components. Its application is
straightforward when the components are amenable to theore-
tical analysis, but if certain components are too complex
to be analysed their mobilities must be obtained experimen-

tally. Standard 'impedance' testing methods are generally
inadequate for measuring the required multidirectional
mobility data, and the work described in this paper is an
attempt .o develop techniques for obtaining such data.
Measuremerts have been made on a freely supported beam and
on a resiliently mounted bluck,
used to predict the responsc of the system formed by bolt-
ing the beam and the block together. The results illus-
trate the importance of obtaining sufficiently complete and
accurate data if mobility measurements are to be used for
the vibration enalysis of connected structures.

and these data have been

INTRODUCTION

Vilration analysis of complex
structures which comprisc an assembly
of connected components is often made
using the mobility or impedance coup-
ling technigue. This approach per-
mits analysis of cach component indi-
vidually and then couples them
together by matching forces and velo-
cities at each connection point, which
is considerably more convenient than
attempting to analyse the complote
structure at once. It is in fact a
standard technique in dynamic analysis.
Howover, it oftun happens that onc (or
more) of the components is itself too
complex to be analysed directly and
for such a case, recourse may be made
to an experimontal approach in order
to obtain the mobility data which is
required for the analysis of the com-
plete assembly. This paper is con-
cerned with the development of experi-
mental techniques suitable for measur-
ing this data.

When the mobility coupling tech-

nique is applied analytically, it is
customary to consider as many co-
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ordinates at cach connection point as
are necessary to realistically des-
cribe the conditions at that junction.
The moticn of a point on a structure is
completely defined by six co-ordinates,
three translational and three rotation-
al, but in the analysis of specific
cascs it is often possible to i1gnore
some of these by virtue of the symmetry
of the structure. In the simplest
casce where motion is known to occur in
a single direction, such as a mass
moving in a suwraight line, then only
one co-ordinate is required. In prac-
tice, this degrce of symmetry i1s secldom
cncountered, especially with the com-
plex enginecering structures that we are
considering, soc vibration analysis
using a single co-ordinate is usually
unrcalistic. However, in many practi-
cal cases, motion is confined to a
single plane involving vibration in
three directions .~ two translation and
one rotation - and for those it is
necessary and sufficient to include
three of the six co-ordinates in the
analysis of vibration.

Such considerations are¢ made regu-
larly in theoretical vibration analysis
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but are seldom included in those oxer-
cises which make use of experimental
data for one of the components. Stan-
dard 'impedance' testing techniques are
confined to measuring mobiiity in a
single direction and are generallyinade-
quate for the acquisition of such com-
plete data as are required for a real-
istic analysis of a complex structure.
This limitation has been identified
already [1], [2] and previous work has
demonstrated the difficulty and extent
of the task of measuring the complete
6 x 6 mobility matrix for a structure
2. However, as mentioned above,
many practical structures do have a
certain degree of symmetry and this
permits us to confine our attention to
motion in one plane and to consider
only three co-ordinates at a time.

The mobility data required in this
case constitutes a 3 x 3 matrix which
is considerably easiex to handle than
the complete 6 x 6 matrix.

This paper describes a case study
made to assess the feasibility of
using experimental data to analyse
connected components and employs a
particular structure compotged of two
components as an example. The first
stage was to specify those nobility
data which are required in order to
analyse the vibrations of the assembled
structure. Next, an experimental
technique was developed for obtaining
these data to the required accuracy.
Finally, predictions of the dynamac
characteristics of the assembled
structure based on measurements of the
individual components were compared
with measurements made on the structure
itself.

CASE STUDY

The structure treated in this
study comprised two simple components.,
The first was a solid steel block 9" x
9" x 12" resting on four identical
rubber pads, one under each corner,
while the second was a uniform rectan-
gular steel beam 13" x 2" x 72",  The
assembled structure was formed by
attaching the beam to the block in such
a way as to obtain symmetry in one ver-
tical plane but not in the other, as
shown in Figure 1, Interest was con-
fined to vibrations in the vertical
plane containing the longitudinal axis
of the beam, although a similar analy-
sis could be made for motion in the
other planes.

THEORETICAL APPROACH

In order to predict theoretically
the vibration properties of the assem-
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bly formed by these two components, use
is wade of the mobility coupling tech-
ni.que. By considering each of the
components individualily, we may derive
mobility expressions for each of these
which relate the velocvities at the
point of connection to forces and
couples applied at that point. This
data may be presonted generally by the
matrix equation:

x}=[YI{F} o {F}=[Z]5q

where [¥] is the mobility matrix and
[Z] = [Y)' is the impedance matrix for
that point on the structure, {&} is a
vactor of velocities in the co-ordinate
directions included and {F is the vec-
tor of forces (or couples) in those
directions. These matrices and vec-
tors, and all those which follow, have
complex elements in order to describe
both the amplitude and the phase of the
various quantities represented.

Equations for two components (a
and b) connected togethor may be rele-
ted by virtue of the fact that at the
connection point their respective velo-
cities must be identical, so that

(s = {4 = {5 @

Furthermore, by considering ecquilibrium
at the point of conncction,

{r} + {R} ={P} (3)

where {P} ig an externally applied
force.,

Combination of equations (2) and (3)
lecads to an expression for the mobility
of the combined structure at the con-
nection point [Y,]

[v] = ([YJ"+[Y5]")-‘ (h)

As montioned earlicer, as many as six
co-ordinates may be necossary to de-
fine the motion of a point on a struc-
ture (in which casc the order of these
matrices and vectors would be 6), but
in this case, as in many others, we may
limit our interests to a limited number
of" these. Figure 2 shows the con-
nection point for cach component and
indicates those co-ordinates and forces
which should be included. Because of
the symmetry of the structure. the
other three co-ordinates (which include
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motion out of the plane of the paper)
may be ignored in this analysis or, ir
required, treated separately. Thus
the equations defining the mobility
matrix above (1) are in this case:

X Y&x *;Y \;6 F;
Y = | Yrx Yor Yre [§ F¥ (5)
-y _Yex Yor Yoo |[ Mo

The object of this analysis is to
predict the vibration characteristics
of the complete assembly formed by the
two components, and this information is
contained in the assembly mobility, [Yel.
It will be seen from equation (%) that
this technique involves a number of
matrix inversions and these can be the
source of some difficulty in numerical
applications. In the first ainstance,
the component mobility matrices EﬁJ and
[vy] become ill-conditioned and are
difficult to invert at frequencies
close to one of their respective natur-
al frequencies. A similar limitation
applies to the combined expression
([35]'V+ vs™) which also has to
be inverted. Secondly, it is known
that operations involving the mobility
matrices can be sensitive to small
errors in the individual mobility ex.
pressions, and this feature must be
taken into account when experimental
data is to be incorporated.

Theoretical expressions for the
component mobility matrices were de-
rived by standard methods [J],
although it was necessary to use exper-
imentally derived data for the dynamic
stiffness and damping capacity of the
rubber pads which support the steel
block. Calculations were made using
these exprecssions and the results are
presented later in the paper. A fur-
ther series of calculations were made
to predict the mobility of the assem-
bled structure, again using the mobil-
1ty coupling technique, and these will
also be presented and discussed later,
together with corresponding results
from the experimental approach.

EXPERIMENTAL APPROACH

We shall now consider a situation
1n which mobility data for the indi-
vidual components are to be determined
solely from experimental measurements,
as opposed to theoretical analysis.
This 18 a matter of necessity when
dealing with particularly complex
structures,

In exactly the same way that 1t
was considered necessary to include
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three co-ordinates in the theoretical
approach, so it is necessary to include
all threec in an approacin using experi-
mental data. The requirement for such
comprehensive data may not be met using
conventional methods of measuring mobil-
ity (collectively referred to as
‘impedance tests') as these are insuf-
ficiently developed to provide either
the completeness or the accuracy
demanded for this application. In all
but very exceptional cases, mobility
measurements are confined to those ex-
pressions which relate response to a
translational force in a direction nor-
mal to the surface of the structure
under test. The responsc to applied
couples or in-.plane forces is not gen-
erally measured so that the mobility
matrices required here may not be ob-
tained directly from current experimen-
tal methods.

One previous worker has attempted
to measure the complete mobility matrix
and has developed a twin shaker unit to
apply either a direct force (with the
two shakers in phase) or a couple (with
them in antiphase) to the structure
2. An aiternative solution to the
problem of rotaticnal excitation is
being explored in the design of a tor-
sional electromagnetic shaker, but this
is at an early stage of development.

A third approach is provided by the
technique described in this poper which
is based upon th¢ use of a singie
shaker and other standard impedance
teating equipment with the minimum of
specially designed attachments. The
aim of this measurement technique 1s to
determine the 3 x 3 structural mobility
matrix described above in relation to
the case study which 1s used here as an
example, and is achieved in the follow-
ing way.

There are ninec clements of the
mobility matrix to be determined and
these are obtained by measuring the
three responses (X,4 and 8) to each of
thrce different excitation conditions,
Thus three tests over the chosen fre-
quency range are required and in cach
of these the shaker is attached so that
¢ dafferent combination of the three
reference forces (Fx, Fy and M) 1s
applied to the structurec. Knowing
these specific comvinations, 1t 1s then
possible to extract the responses to
cach of these forces individually and
thus derive the required mobility
matrix. Details of the specific
shaker attachment arrangements used are
discussed 1n the next section.

It 1s clear that whatever .cech-
nique is employed to measure this mobil-
1ty data, there 1s a vast quantity of
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information to he handled. Essen-
tially, all that is required from the
exercise is a precdiction of the vibra-
tion properties of the assembled struc-
ture and all the mobility measurements
made on the separate components are of
no inherent interest beyond that of
enabling the calculation of the assem-
bly properties. The mobility coupling
process (i.e. application of equation
{4)) is applied at ecach of a number of
discrete frequencies using the component
data measured at those frequencies.,
Thus it is convenient if suck data are
in a digital format rather than
analogue (i.e. in the form of graphs).
Since there is considerably more of
this intermediate data than is even-
tually required to describe the assem-
bly properties, it is most conveniently
acquired and stored in digital form,
either on punched tape or in the memory
of a digital computer which is subse-
quently employed to carry out the matrix
manipulations for extracting the re-
quired information. This requirement
indicates the suitability of the digital
transfer function analysers currently
available which may be readily inter-
faced with a small digital computer to
provide an automatic testing facility.

MEASUREMENT TECHNIQUE

Based upon the concept of a singie
shaker technique for measuring multi-
directional mobility data, a number of
specific configurations for attaching’
the shaker were investigated. It was
necessary in all of these to attach an
'exciting block' to the point of inter-
est on the structure and to connect the
shaker to this block in different ways
so as to exert the chosen excitatien
conditions to the structure. The
first design for this block is illus-
trated in Figure 3(a). The shaker was
attached to the block in each of the
directions indicated by P,, P, and a
n turn, and the correspcading compo-
nents of the excitations in the three
directions (Fx, Fy and Mg) are given
by the matrix equation:

Fx cos %
Fed = Jan®{R or {F} ={}R (&)
L Me), F ¢ oo
¢ t=1,2,3
For ecach shaker position, measurements
were made at specific frequencies of
the input force and the threce res-
ponses, and from the collected results
of all threce runs the required mobilaity
expressions could be derived as follows.
The response was measured at three con-
venient stations on the block and by
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assuming the block to be rigid, these
could be related to the response of the
structure itself in the three reference
directions by means of a simple geo-
metric transformation:

Va
= [T] Vs
Ve

o (=[I @

@ R R

For each excitation position, we may

[73{v}. = [YI{F),

4,
A {x}i [ﬁr]{IQ}Fi

[T]';l:}_{"}-t = [y}{r};
o 7Y}, = [YIECY: )

where {Y,,ji 18 a vector of apparent
mobilities and {f’t is the force trans-
formation vector for the ith excitation
position. Combining the three equa-
ticns for i = 1, 2, 3 gives

[T1Yeed = [YILC]
Y] = [T Yeerd] ™ (10)

relating the measured quantities with
the required properties.

(35

or

The first stage in assessing the
suitability of the proposed exciting
block design was a check on the sensi-
tivity of the numerical manipulation
described by equation (10) to realastic
errors in the measured data. This was
performed numerically by taking a speci-
fic mobility matrix for the structure,
computing the apparent mobilities that
would be observed in the three runs
with the exciting block, polluting this
data with random or systematic errors
typical of these which might be expect-
ed from the ecxperimental equipment used
and then recomputing the structure
mobi1lity with this polluted data., It
was soon found from this exercise that
the exciting block shown in Faigure 3(a)
would not be suitable for obtaining the
required mobility data because crrors
in measured quantities of the order to
0.01% 1n amplitude and 0,01° in phase
were sufficient to generate large
errors in the computed mobilivies (ain
excess of 5 dB). Accordingly, alter-
native designs for the exciting block
were investigated and the one fainally
adopted for all tne tests reported here
18 shown 1n Figure 3(b). This has a

.
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simpler transformation to the reference
co-ordinates and the checks on error
sensitivity described above indicated
that a measurement accuracy of 1% in
amplitude and 1° in phase was usually
sirfficient to maintain an accuracy of
Letter than 1 dB in the mobility of the
structure computed from equation (10).

In addition to the basic force
transformation from the shaker posi-
tions to the reference co-ordinates, it
was also considered necessary to allow
for the presence of the exciting block
and the transducers mounted on it
between the force measuring transducer
and the structure. By assuming the
block to behave as a rigid mass, it is
possible to incorporate this correction
in the transformations described above
and the complete equation relating
measured and required data then becomes:

Y] = FrI0Yerd (L] - jolMIETIDYs]) . C11)

where [M] is an inertia matrix for the
specific exciting block.

Consideration of mobilities in mare
than one dircction lecads to an appre-
ciation of some of the limitations of
conventional impedance testing. In
particular, it is noted that if a
structure is not symmetrical, or is not
excited through its mass centre, there
will often be a significant response in
directions other than that in which the
forcing is being applied. If thas
effect is not properly allowed for,
erroncous results can casily te obtain-
ed. For example, in mcasuring the
mobility at the end of a simple canti-
lever beam it 1s found that there is a
significant rotational responsc to an
applied transverse force. In most
cases, the shaker and its connection
are not completely free to accommodate
this rotation and as a result, they
impose a restraint on 1t. This is
equivalent to applying a couple to the
end of the beam in addition to the
intended force. This couple 18 not
measured, but the response which 1s
measured 18 the sum of that generated
by the force and the couple and 1s not
the 1nformation which 1s sought, In
order to overcome this diffaculty, 1t
is generally sufficient to incorporate
a 'decoupling rod' between the shaker
and the structure which has a low stiff.
ness in all directions other than that
in which 1t is desired to apply excita-
tion [Q] and accordingly, this has been
adopted as standard practice 1n 211
tests of the current study. A seriecs
of measurements were made to indicate
the importance of using such a device.
The results are given in Figure & which
shows measurements of the response of
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the steel block using a range of de-
coupling rods and clearly demonstrates
the limitations of a direct connection
between the shaker and the structure.

In order to measure and process
the data required in this exercise, a
digital transfer function analyser
(DTFA)} was used in conjunction with a
small digital computer to form an inte-
grated system, described in reference
[5]. Measurements were made at dis-
crete frequencies in a chosen range (as
opposed to a coatinuous sweep through
that range) and the computer was pro-
grammed to select these frequencies,
control the DTFA while it mecasured cach
of the transducer outputs in turn, and
then store or output these results for
subsequent processing. The amount of
information which hat to be acquired in
order to derive the required mobility
is considerably in excess of the actual
data to be determined for the assembled
structure, In order to compute the
amplitude and phase of one mobility ex-
pression for the complete assembly, it
is necessary to measure a total of 24
quantities on the components. Thus,
while the information sought may be
handled or presented in the form of a
graph, the same is not truec of the
intermediate data and because of thas
1t was decided that the automatic data
handling facility was an essential feca-
ture of this measuring technique.

RESULTS

The meosurements which werce made
on the individual components -~ the
steel block on rubber pads and the
freely supported beam - were carefully
checked against theoretical predictions

of their mobil-ties. Care was taken
to ensure a high degree of accuracy
throughout the experaiment. The volume

of the complete set of results (a total
of 18 graphs for the two components)
prohibits their inclusion here, How-
ever, two of the nine mobility expres-
sions for each component are :llustra-
ted 1n Figures 5 and 6, for the block
and beam respectavely, In each case,
the two examples shown represent the
best and the worst corrclation between
theory and experiment, and apart from
some difficulties encountered with si1g-
nal noise at the low frequencaes

(below 50 Hz), the results are consid-
ered to be satisfactory.

The complete mobility data for the
two components were then used 1n con-
Junction with cequation (1) to predict
the mobility of the assembled structure
formed by conncecting them together as
shown 1n Figure 1, Thas process
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derives the 3 x 3 mobility matrix for
the assembled structure and from these
data the specific information that is
required may be extractled. In many
cases the properties of greatest inter-
est are the natural frequencies of the
structure, and these may be convenient-
ly described by a single mobility
expression.

For the case being studied here,
the direct mobility of the assembly in
the x direction was computed from the
component measurements and .. shown in
Figure 7?7 alongside the corresponding
data obtained by measurements made
direct on the assembled structurc.
There is an unexplained discrepancy be-
tween the two results in the magnitude
of the third natural frequency (near
90 Hz) but otherwise the agrecment is
quite close. Perhaps the most signi-
ficant result, however, is that illus-
trated in Figure 8 which again shows
the mobility of the assembled structure
predicted from the measured component
mobilities, but in this case we have
used the limited data which might be
obtained f'rom a conventional impedance
test, This result is obtained hy
application of the mobility coupling
technique but with only a single co-
ordinate included in the analysis (an
this case, the x co-ordinate). The
errors in the natural frequencies pre-
dicted by this over simplified approach
are quite striking, and they clearly
indicate the need for the more complete
data which has been measured by the
method described above.,

A final result gaven in Figure 9
shows the mecasured mobility of the
assembled structure compared with that
predicted entirely from theoretical
analysis. Such an approach was only
possible in this casc because of the
simplicity of the two components. The
result illustrates the important point
that even for such simple structures as
were used in this study, agreement
between theoretically predicted and ex-
perimentally measured characteristics
is not remarkable, In fact, the data
predicted from the component mobilaty
measurements shows better agreement
than that predicted from theory,

D1SCUSS ION

We have shown that i1t 1s both
possaible and practicael to predict the
vibration charactoristics of an assem-
bly of connected components using ex-
perimentally mecasured mobility data.
However, 1t must be emphasised that
such an approach is only reliable when
the measured data 1+ sufficiently com-
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plete and accurate and this require-
ment s not usually satisfied by con-
ventional impedance testing techniques.

At the outset of a theoretical
vibration analysis it is necessary to
consider which co-ordinates must be in-
cluded in order to satisfactorily de-
fine the motion of the components con-
cerned. Only exceptional cases demand
all six co-ordinates at each point of
connection between components, but on
the other hand, very few may be treated
with only a single co-ordinate. Exact-
iy the same considerations must be made
for an analysis which employs exper:-
mentally obtained data. There are
many applications in which one or more
components may not be analysed directly
because of their complexity and for
which experimental measurement of mobi-
lity data is undertaken. The majority
of mobility measurements are made with
standard !'impedance testing' technaques
and these are often totally inadequate
for the application of such data to a
mobility coupling exercise. Standard
testing 1s usually confined to a single
direction - that normal to the struc-
ture in most cases ~ while mobility
data in other directions can be of equal
or even greater importance. This fact
is 1llustrated by the case studisd here
where exclusion of the rotation co-
ordinate, &, results in a marked deter-
1oration in the quality of the pre-
dictions (cf. Figures 7 and 8).

While it 1s essential to include
as many co-ordinates as are necessary,
1t 18 also important to ensure that the
unimportant ones are omitted. The
reason for this 1s that as the order of
the matrices increases (by the inclu-
sion of more co-ordinates in the analy-
s18), so does the sensitivity of the
numerical operations to small errors.
Thus it is possible to gain no benefit
from the inclusion of an extra co-
ordinate (providing this 18 a relative-
ly unimportant onc) without simultan-
cously improving the accuracy of the
measured quantities,

In the majority of cases, it will
be necessary to measure mobility data
in more than one direct‘on. The two
main problems encountered in making
these measurements are (i) the applica-
tion of a couple, and (i1) the applica-
tion of In-plane forces, to the struc-
ture under test., The first of these
may be overcome by using a torsional
shaker or by using a twin shaker sys-
tem but the second 1s very difficult to
overcome, In some cascs, 1t as
possible to excite with a force parallel
to the surfacc but raised above it by
an amount sufficient to accommodate the
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shaker. This gives rise to an applied
couple in addition to the desired force
and although this may be small, the
response due to it could be of the same
order of magnitude (even greater) as
that due to the force. Thus unless
the response to a couple (i.e. the ro-
tational mobility data) is known, this
technique must be used with a degree of
caution.

One general solution to these dif-
ficulties is the experimental technique
described in this paper, where it is
accepted that the required mobility
data may not be measured directly but
must be extracted from a series of
carefully controlled and designed ex-
periments. By this approach. it is
possible to determine the mobility
matrix fo: a component using a single
shaker in conjunction with an 'exciting
block' which is attached to the test
structure, and other standard equipment.
However experience has shown that care
must be exercised in the design of the
excirting block 1in order to maintain an
acceptable degree of accuracy in the
final results. It 13 also an accepted
feature of the technique that a large
amount of data has to be mcasured,
acquired and processed in order to ok-
tain relatively little desired informa-
tion. Since it is likely that this
data is 1tsclf required for detailed
analysis (as for the mobility coupling
in this example), then 1t 1s conven-
ient to present 1t jpn a digital format,
readily stored on punched tape and
avarlable for further computatiron. Thus
it was decided that an automatic in-
strumentation system based on a digital
computer and digital transfer function
analyser was neceuosary for efficient
application of the technique.

CONCLUSIONS

It has been shown that vabration
analysis of an assembly of connected
structures may be made using experi-
mentally measured mobality data for the
components. However, this approach 1s
only practicable when the measured
data 1s sufficiently accurate and com-
plete for the structure i1n question.
This requirement demands the measure-
ment of mobilaty data 1n more than one
direction for most practical struc-
tures.

An experimental techn:que using a
single shaker has been described for
measuring mobility in up to three
directions and this has been tested in
a casce study of two connected compo-
nents, The results of the exercise
confirm that the experimental method 1s
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satisfactory and that the additional
complexity involved in multi-directional
measurement is essential to a realistic
analysis of typical engineering struc-
tures.
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DISCUSBION

Voice: Could you say something about the
time required to compute the measurements
from the raw data?

Mr. Ewins: On the full 3 x 3 matrix, we
have not used the PDP-8 for that calculation.
The system that you saw in the photograph was
the preproduction prototype. There is only cne
in existence, and the store that is atlached 0 it
is not sufficient to do the matrix calculation.
We have been using that for running the test,
for storing the data and putting the data onto
paper tape which we feed into our CDC com-
puter. The actual computation time in a CDC
is a matter of seconds - less than a minute, If
we were to use the PDP-8, it is not sufficient to
store all the data. We need an extra magnetic
tape or extra disc storage. It would presumably
take somewhat longer, but, using the PDP-8 to
interface with a larger computer, it is a very
short time -~ on the order of a minute,

Mr. Bouche (Endevco): Is there some prac-
tical solution to your noise problems at low fre-
quencies such as using accelerometers with
higher sensitivity or narrow band filtering?

Mr, Ewins: The accelerometers that we
used had a sensitivity of 300 picacoulombs per
g. Ido not think we could use more sensitive
ones, The digital transfer function analyzer
does the filtering in a quasi-digital manaer. It
handles a very high noise level very well. The
problem was that the mobility levels we were mea-
suring were so low at these low frequencies that
they just could not be handled, The main difficulty
on the beam example, where we had rather poor
agreement between the theoretical curve and the
measured one was that it was in the region of
the first antiresonance where you have effec-
tively zero mobility. It was in getting this anti-
resonance through that we ran into the necise
problems at about 15 Hz. I think it was proba-
bly an extreme condition for the equipment to 5
be tried on,
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LIQUID-STRUCTURE COUPLING IN CURVED PIPES ~ II

L. C. Davidson and D. R. Samsury
Machinery Dynamics Division
Naval Ship Research and Development Center
Annapolis, Maryland

fregquency response.

The coupled vibrational characteristics of a pipe assembly
comprised of straight sections and uniform bends arranged in
a nonplane configuration have been analyzed.
dicate a significant level of coupling between the plane com~
pressional wave in the contained liquid and beam responses of
the pipe. Experiments confirm the general level of coupling
but indicate some difficulty in predicting the fine detail of

The results in-

BACKGROUND

Liquid transfer systems continue
as a major class of machinery recog-
nized as a serious noise problem. A
principal cause of this noise is the
pump which, in doing work on the liquid,
produces a dynamic pressure pulsation.
Because of the relatively low frequen-
cy, this pulsation is transmitted
through the liguid as a plane compres-
sional wave., To the pipe, and any
other structure encountered, this pres-
sure is an exciting force. 1In a
straight pipe the structural response
is a radial extension or breathing of
the pipe wall. 1In the frequency range
of interest, which is well below the
breathing resonance, this mechanism
does not transmit a significant amount
of energy. It must be considered, how~
ever, for its apparent effect on the
compressibility of the liquid and at-
tendant change in the sonic velocity.

In a curved pipe the change in di-
rection of the plane wave front pro-
duces a transverse force on the pipe
wall which has been shown to be an er-
fective coupling mechanism between the
longitudinal wave in the liquid and
beam responses of the pipe.

123

Reference [1] described a technique for
deriving and a matrix dteration tech-
nique for solving the differential equa-
tions describing the uniformly curved
liquid filled pipe in the plane of the
bend (8 degrees of freedom). Experi-
mental resulis confirmed a significant
level of liquid-structure coupling.

This work has now been extended to
nonplane pipe configurations and, addi-
tionally, a closed form approximation
to the differential equations has been
obtained.

The structure shown in Fig. 1 was
analyzed and its frequency response, in
the form of mechanical mobility, com~
puted. Of particular interest were the
transfer mobilities from an acoustic in-
put at the "free" end to structural re-
sponses at the flanged end. Several of
these were measured and the results gen-
erally confirm the analysis. The experi-
mental procedure necessarily employs
novel measurement techniques.

MATHEMATICAL ANALYSIS
The computations performed in this

work rest on the ability to character-
ize each component of the structure by
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Fig. 1 - Liquid Filled
_Pipe Configuration

its transmission matrix, The choice

of components follows naturally from t
fabrication of the actual structure.
The structure consists of four straight
pipes and three 90° elbows as shewn

in Figs. 1 and 2, The object of the
analysis is to obtain transmission mat-
rices for thesa components and with them
construct the system mathematically.
The advantage of formulating the prob-
lem in terms of transmission matrices
1s that the complete structure {(includ-
ing physical boundary restraints) may
be synthesized by multiplication of the
component transmission matrices.in the
appropriate order. Due to the complex-~
ity of the structure's geometry, coor-
dinate system rotations arc necessary
to obtain a result describing the de-
sired structure. This is done by in-
cluding rotation matrices at proper in-
tervals during the synthesis. Finally,
the overall transmission matrix which
results from the synthesis can be

manipulated to yield the mobility param-
eters of the structure 2,3 .

In Fig. 2 weld joints are indicated
by heavy lines. The numbers shown at
the ends of the structure and at each
weldment facilitate identification of
each component and serve as indices for
their transmission matrices.

a—- 242
. ~

Fig. 2 - Piping Arrangement
Coordinate System

A right hand cocrdinate system is
chosen and oriented so that the x-axis
is always directed along the center-
line of straight sections or tangent
to the centerline of elbows, The z-axis
is always directed toward the origin of
the radius of curvature of any
"straight~elbow-straight" section of the
structure and thus always lies in the
plane containing a section of this type.
In this structure those sections are
(3) - (0), (5) - (2) and (7) - (4) . There-
fore, the xight hand triad rotates
about the x-axis a&s one travels from
(0) to {7) and hence the necessity of
rotation matrices as indicated above.

A transmission matrix relates the
forces, moments, displacements and ro-
tations at one point in a component
(or structure) to the same quantaities
at another point. Stated mathematically

Z.‘ Uzl_l (1)
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where U 1is the transmission matrix and

Z is a state vector. Eq. (2) shows the
relation in partitioned form where
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The quantities in Eq. (3) are defined
as follows:

u,v,w - displacements along x,y and
2z axes respectively.

¢), \‘l,v'- rotations about the x,y and
Zz axes.

l - displacement of a fluid par-
iricle along x axis.

N,Vy,Vz - normal and shear forces along
X,y and z axes.

T,My,Mz -~ torsion and bending moments
about x,y and z axes.

P - force on fluid along x axas
(pressure not used to avoid
unit 1inconsistencies)

It follows that U is a 14 x 14 square
matrix and each of the submatrices ain
Eq. (2) is 7 x 7. For this problem

i=1,2,....7

and U is a rearward transmission mat-
rix [2

Obtaining the transmission matr.x
for a straight pipe section filled with
liquid is facilitated by [3] , where
transmission matrices for a straight
beam under axial, bending and torsaional
loads are catalogued. Combining them

125

yields a 12 x 12 transmission matrix
which does not include the presence of
the liquid. However, by considering the
liquid to behave as an elastic beam with
no bending or torsional stiffness, a

2 x 2 transmission matrix relating 1
and P at the ends of the pipe is ob-
tained by analogy to the catalogued
matrix for an axially loaded beam.

This is done by replacing E, Young's
modulus, by B, the effective bulk modu-
lus of the fluid [4)] . These matrices
can then be combined to form a 14 » 14
transmission matrix for the liquid-
filled pipe if the mass of the pipe
and the 1liquid, , are added in
those elements of U describing bend-
ing behavior.

,

Unfortunately, the 14 x 14 trans-
mission matrix for the liquid-filled
elbow in closed form is not as readily
obtained. However, the literature does
provide guidelines. Reference [3] gives
the transmission matrices for rigid el-
bows with distributed mass and for mass-
less, elastic elbows. In the case cof
the massless elastic elbow, the effects
of shear deformation are neglected.
(These effects are accounted for in
ithis work.) PNeither of these models
1s sufficient but they do serve as a
starting point to obtain the desired
matrix. The massless model is rejected
for obvious reasons and, although pre-
vious unreported mathematical analysis
indicated that large increases in stiff-
ness do not significantly change the
behavior of short radius elbows, the
conclusion that infinite stiffness may
therefore be assumed is erroneous., As-
suming the elbow to be rigid causes the
submatrix t, in Eq. (2) to be null, Al-
though the actual values of the elements
in t; are small in comparison to other
elements of U (on the order of 1079),
their contribution in synthesizing the
complete system is significant,

Therefore, rather than trying to
amend and append existing forms of U
for the elbows, a derivation from first
principles is used.

Consider the free-body diagram of a
differential element of a liquid-filled
elbow in Fig. 3. By writaing the equi-
librium equations and the appropriate
elasticity equations that ralate forces
and moments to displacements and
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Fig. 3 -~ Free Body Diagram,
Differential Element

rotations through the elastic proper-
ties of the elbow and which reflect the
presence of the liquid, a set of first
order, linear differential equations
with constant coefficients results [3].
This set of equations, 14 in number,

is shown in Eq. (4).

gg As @

i
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Z is defined in Eq. (3), » is the
14 x 14 matrix of constant coefficients
and s = R9, R being the radius of curv-
ature of the elbow and & the angle the
elbow turns. The matrix A is shown
in Eq. (4a).

Equation (4) is analogous to the
linear, first order different equation

dz
'a?g‘(ls

whose solution, given Z(0) = 2z,, is
z:e952,

Similarly, the solution to Eq. (4) is

A
z2=e"S 7, (5)
Where Z, is the state vector at S=0Oand

is the desired transmission matrix.
Further, since
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it can be shown that the matrix equa- represents based on what the available
tion terms imply. A problem arises here
since each elemental series is of such
2
As (As)  (As)

complexity as to defy complete identi-
=1+ + + .- (7
¢ =I+r*er

]
)
3
4
i

5~

7 ALY T Tt he Ay CFn P T E IR ¥ A AR AL

fication in terms of known functions.
To ease the situvation, only those terms
in eack elemental series containing a
single stiffness parameter (E, G or B)
to the first power in the denominator
(or not at all) are retained. Under
these conditions, only those terms of
each elemental series which were readily
identifiable with known functions at
the outset still remain.

ETrET e

I being a unit matrix, is a valid rep-
resentation of the transmission matrix.
Eq. (7) is used to obtain U for the
elbow.

v B AR i ® annt e

Two approaches to finding U are
available at this point and both are
used. In the first, the elements of A

[

Futher simplification is made by
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can be computed numerically, the powers
of A found and Eq. (7) formed using
enough terms in the series to insure
accuracy. Although A is complex (E,G
and B, Young's, shear and bulk modulus
respectively, are given small phase
angles to represent damping), Eq. (7)
converges absolutely [5] and hence it
is only necessary to choose a criteria
for accuracy that determines the num-
ber of terms necessary tc be included.
In this work, the criteria chosen is
that the elements of the nth partial
sum in Eq. (7) exceed the correspond-
ing elements of the (n+1) term by 10
in ratio. For the elbow considered,
10 terms of the series are necessary
to satisfy this requirement.

This technique has been used to
find U for an elbow where only de-~
grees of freedom in the plane of curva-
ture are considered [1], yielding U
as an 8 x 8 matrix. The method has
been extended in this investigation to
include all degrees of freedom and
yield U as a 14 x 14 matrix. The
difficulty that arxises in using this
approach is not accuracy or complexity
but economy of time.

examining with this second method the
cases of a rigid liquid-filled elbow
with distributed mass (E,G, and B in-
finite) and a massless elastic elbow.
In the case of the rigid elbow with
mass, comparison of numerical results
with results obtained by the firut tech-
nique outlined above reveals that in
the submatrix t3 of Eq. (2) the ele-
ments correspond exactly with the ex-~
ception of the element at row 11, col-
umn 3 of U . This element vanishes
in the rigid elbow with mass and is
small (in comparison tco all other ele-
ments in t3) but nevertheless nonzero
using the numerical methed first pre-
sented, By including in this element
stiffness terms according to the cri-
teria above and leaving all other ele-
ments in t3 unaltered, this element
also compares well (but not exactly).
It is concluded, then, that in t3, with
the single exception noted, the texrms
used to represent U in closed form
correspond to those for a rigid elebow
with distributed mass. That is, stiff-
ness parameters need not appear in t3,
at least in the frequency range of in-
terest (20-55¢ Hz) for the elements in-
dicated.

P PN

YRR

The second method which results
directly from the difficulty cited (
above is to find U in closed form.
The approach is similar to that above
in that Eq. (7) is used. Here, however,
the elements of A are written symboli-
cally and the powers of A up to the
tenth term are obtained by performing
the necessary matrix multiplications
by hand. The partial sum 1is formed
and each element contained in the re-
sulting matrix is examined to deter-
mine what functicn or combination of
functions the elemental series

For the .iassless elastic elbow ;
FLU MUand o= gt o+ " vanish), j
comparison with the numerical method i
first presented reveals that all ele- :
ments of submatrix ty compare exactly.

Further, in both techniques the elements
are constants over the frequency range
of interest.. It is concluded that no
frequency dependent terms need be re-
tained in tj in approximating U in
closed form and those which do appear
correspond to the elements in t, for a
massless elastic elbow.
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Finally the two limiting cases
indicate to a limited extent the par-
tial form of some of the elements in
t)] and t4. Their final form and the
form of those elements which vanish in
these cases are obtained as described
above.

Having obtained the required trans-
mission matrices, the synthesis process
is a simple one. Consider for example
the interface of straight pipe and el-
bow at point 6 in Fig. 2. Cecntinuity
requires that the displacements and ro-
tations of the albow at this point be
equal to those of the straight pipe.
Having adopted the force and moment sign
convention that positive forces on posi-
tive faces are positive as well as nega-
tive forces on negative faces and again
invoking continuity it is seen that
the state vectors of the elbow and
straight section are equal. Thus, if
27s = U7626g and Zgp = UgsZsp and since
265 = 2gg it is correct to write 27 =
U76U6525 where S and E have Been dropped.

This process can be continued until
point (0) is reached yielding

Z,= U UpelggUg Rt gUasRals0lh U2 @)

or

dl_th t2||% o

Bl |15 ||

where the matrices R3 and Rq are rota-
tion matrices ensuring proper orienta-
tion of the coordinate triad as outlined
above and the forw of the state vectors
is defined in Egs. (2) and (3). The
matrix U, is the transmission matrix of
the flange and plate assembly shown in
Fig. (5).

Equation (9) may be transformed to
a mobility matrix

V° fz's 74 fz's

:jw (10)

vl [tethe, 4

3 ot

since in general Vv = jwd. In Eq. (10)
the upper and lower left hand submat-
rices have been multiplied by (~1) since
f, in transmission notation is the nega-
tive of fo in mobility notation.

The computed results presented in
this report were facilitated by the use
of a general purpose computer program
[6] which allows convenient matrix mani-
pulation and includes a graphing sub-
routine. 1In all figures shown herein
the subscript 7 has been interposed
to 1 for consistency with available
literature {3]. Finally, it is noted
that mobility parameters obtained using
the numerical technique to find U for
the elbow compared almost exactly to
those obtained using the U matrix of
the elbow in closed form.

EXPERIMENTAL MEASUREMENTS

The pipe configuration of Fig. 1
was fabricated from standard 4-inch I.D.
seamless steel pipe and 6-~inch radius
elbows (90°). The structure was filled
with lubricating oil and tested by meas-
uring four transfer mobilities. 1In each
case excitation of the structure was
produced by an airborne sound generator
suspended above the unflanged end of the
pipe and acoustically coupled through
a rigid cone adaptor. During tests an
air gap of approximately 1/64-inch was
maintained between the cone and pipe.
Two wall mounted microphones in the cone
provided for detection of the excitation
pressure and also indicated the fre-
quency range over which a plane wave
was present, as shown in Fig. 4.

Structural details of the flanged
end are shown in Fig. 5. Structural
responses at this end were detected with
the pair of accelerometers which can be
seen on the plate structure in Fig. 1.
As arranged, their sum detects transla-
tion along the x-axis; their difference,
rotation about the y-~axis ( ). These
were moved to positions corresponding
to 9 and 3 o'clock on the flange to
detect rotation about the z-axis ().

The fluid response at the flanged
end was detected with a wall mounted hy-
drophone which can be seen on the under-
side of the pipe in Fig. 1. This pres-
sure detector, being very near the "free"
surface effected by the rubber membrane
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Fig. 4 - Pressure Distribution in Adaptor Cone

(Fig. 5), is loaded by inertial charac-
teristics of a short liquid column and,
therefore, serves as an acceleration
detector.

For computational purposes the
blocking structure was assumed to be
characterized by a diagonal mobility
matrix. Mobilities in the plane of the
plate structure were assumed to be ideal
stiffnesses, dependent only on struc-
tural geometry and material properties.
The mobilities out of the place (trans-
lation along the x-axis, rotation about
the y-and z-axes) were mcasured with
the apparatus of Smith [7] . This
technique involves the use of a spe-
cially designed exciter, Fig. 6, and
required only acceleration response
measurements. For low mobility struc-
tures, such as encountered here, no
correction to the measured data is re-
quired. Two of these measurements are

129

presented in Figs. 7 and 8. From these,
appropriate spring rates were obtained
for use in the computations. These
measurements were subject to a poor sig-
nal to noise ratio which accounts for
the departure from spring-like behavior
at low frequencies.

Figures 9 and 10 present a compari-
son of computed and measured transfer
mobilities for the coupled structure of
Fig. 1., The complete 14 x 14 mobility
matrix was computed but only those param-
eters involving liquid-structure cou-
pling and considered significant from a
noise transmission viewpoint were meas-
ured. In all cases the mean levels of
computed and measured mobility spectra
agreed quite well, indicating that the
coupling mechanism was accurately repre-
sented. Agreement in detail of the
rotational mobilities is considered rea-
sonable for a structure of this
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Fig. 5 - Physical Restraint and
Coordinate System at
Flanged End

complexity. The translational response,
however, shows some rather large dis-
crepancies. A possible explanation for
the peaks which occur in the 100 to

200 Hz range of the measured data and
also for the generally poor agreement
at low frequencies, is that accelerom-
eter response due to rotation was large
in these regions. However, transla-
tional measurements were made with ac-
celerometers in both 12-6 and 9-3
o'clock positions and they were nearly
identical. This would not be the case

130

Fig. 6 - Mobility Measurement
Apparatus

Lf rotational response was the problem
since the rotations were not the same
in the two planes.

The final frequency response in
this group is the transfer through the
liquid column. This also indicates some
difficulty in establishing the exact de-
tail of response, but it is not likely
that the response transducer (hydrophone)
is at fault since this measurement tech-
nique has been employed successfully in
a wide range of applications, Rather,
it is thought that structural details
such as the bolted flange and welded
joints, which are not considered in the
analysis, produce these errors.

The significance of liquid struc-
ture coupling as a noise transmission
mechanism can be appreciated by compar-
ing the responses at the plate structure
due to the liquid input (pressure x
area) and due to a force apnlied direct-
ly to the free end cf the pipe
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DISCUSSION

Voice: Did the resonance of the fluid in the

column correspond to what normally would
oceur?

Mr, Samsury: The prediction is on the mark
as compared to the measurement. What this
means is that the model is a good model.

Voice: I just wondered if you saw two com-
pHances that dropped the frequencies a little bit
lower than your calculated points.

Mr, Samsury: If anything, in generating

transmission matrices to perform the theoret-
ical analysis we had problems with respect to
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having a much stiffer system than we should. It

took a little refining of the model to make it
work,

Voice: I think you misunderstood the
question.

Mr. Samsury: Yes, I did misunderstand
what you meant, In the coefficient matrix of this
14 x 14 set of equations, the bulk modulus is in-
volved in one of the liquid terms., The bulk mod-
ulus is determined on the basis of effective bulk
modulus which reflects the material of which the
pipe is made, In other words, yes the compli-
ance of the system containing the fluid is in-
cluded in the sound speed in the fluid,
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TRANSPORTATION AND PACKAGING

A SURVEY OF THE TRANSPORTATION SHOCK AND VIBRATION
INPUT TO CARGO

F. E, Ostrem

GENERAL AMERICAN RESEARCH DIVISION
GENERAL AMERICAN TRANSPORTATION CORPORATION
NILES, ILLINOIS

The shock and vibration environment encountered by cargo during
transportation is reviewed. Available data describing the environ-
ment on trucks, vailcars, ships and aircraft is summarized. The
vibration enviromment is described in terms of probability of
occurrence of peak accelerations (within selected frequency bands)

3 as a function of frequency. Peak acceleration levels, 99.5%, 99%,
. 98%, and 90% probability levels are presented for particular vehi-
; cles covering a wide range of operating conditions. Curves are

& presented to show the effect of direction, load, location and speed
on the enviromment, The shock enviromment is described in terms of
shock spectra., Shock spectra are presented for typicel events en-
countered during transportation, such as trucks crossing railroad
tracks and backing into loading docks, railcars crossing railroad

e S

PR N 7 - YT,

e wrane W RENrHaat B n v

PR

ST N

gwitches and railecar coupling events.

INTRODUCTION

In order to design an efficient and econom-
ical package or container to safely transport
goods and material, detailed information on the
transportation enviromment must be available,
Such informatiocn is also useful for developing
tests to assess the ability of new or existing
packages and containers to protect or contain
the contents during transportation. Designs or
tests based on valid quantitative data can be
cause for debate only as a result of a change
in the transportation system or condition, The
design or tests based on estimates or Jjudgement
are always subject to question,

Although extensive data is available on the
transportation environment, the information is
widely scattered and fragmented., This is a re-
sult of the approach to the transportation
environment which has generally been to measure
the response of cargo with little concern for
the actual inputs. As such, only occasionally
is there relevant data on the environuent and
this must be sought out in each report. Few
progremg have been conducted with a view towaru
providing basic descriptions of the transporta-
tion enviromment.

A survey study recently completed for the
Office of Hazardous Materiels of the lepartment
of Transportation has compiled, reviewed and
assessed currently availabtle information de-
geribing the enviromental conditions encoun-

tered by cargo during transportation(l). The
information will be used to develop performance
tests for evaluating containers used in the
shipment of hazardous materials. This paper
surmarizes the data on two of the transporta-
tion enviromnmental conditions, namely shock and
vibration., The data covers shipments by the
major transportation modes (rail, air, road and
water).

Although a wealth of data exists describ-
ing the shock and vibration environment for the
various modes, only selected data which presents
the latest in measurement and analysis tech-

niques is presented in this paper., More detailed

information on the transportation enviromment is
presented in Ref. (1).

VIBRATION

The vibration environment, in most studies,

i8 defined as the motion of the surface support-
ing che cargo, i.e., the motion of the cargo
floor of the vehicle directly adjacent or be-
neath the cargo. For & container restrained or
in contact with the floor, this is assumed to
be the input to the container. However, even
this description of the environment is open to
question. Measurements taken next to the con-
tainer or cargo can differ from actual load ine
puts. It has been demonstrated in controlled
laboratory tests employing a road simulator
(tethered truck)(2) that although the accelera-
tions meagsured directly on rigid weights
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(representing the cargo load) were low when com-
pared to the unloaded condition at the same
Jocation, the accelerations at locations re-
moved from the neighborhood of the lcad were not
affected much by the presence of the load. There-
fore, the cargo load and the proximity of the
transducers will influence the measurements, and
the currently employed method of describing con-
tainer input may be very conservative. A more
accurate determination of load inputs would re-
quire measurements (with load cells) at the
container/cargo floor interface. Other tech-
niques are required in the event the cargo leaves
the cargo floor, e.g., loose cargo,

In many of the vibration studies conducted,
only measurements in the vertical direction are
reported, since this direction is assumed or has
been determined to be the severest. This is
Justified for general cargo which is lcaded onto
vehicles regardless of directions or labels
(e.g., this side up). The vibrations are assumed
to be capable of being applied to any surface of
the container and thus only the direciion of
severest vibration environment is measured.

Road Vehicles

Typical sources of vibration to road vehi-
cles include road surface roughness, engine,
transmission and drive assembly, wheel unvalance,
vheel shimmy, and wind gusts. Except for the
road inputs and occasionally wind gusts, the vi-
bration due to the other sources are kept low as
a result of proper design end maintenance. For
poorly maeintained vehicles operating on the road,
the other sources can exist and present a major
source of vibratios., Unfortunately, in most
studies of the vibration envirorment on road
vehicles, the vehicles are carefully selected
and in excellent condition, thereby eliminating

many of the potentially severe sources of vibra-
tion,

Semi-Trailers - An extensive measurement
program of the vibration environment on a flat-
bed tractor-trailer is reported in Ref. (3).
Measurements were made at various locations on
the cargo floor of an unloaded tractor-trailer
cambination and with cargo consisting of a
radioactive materials cask weighing 15 tons.

Sixteen different road conditions were en-
countered and identified in the study and these
were traversed at different speeds. Representa-
tive data are presented for each of these con-
ditions in the report., Probability factors were
developed in the study to account for the vari-
ous speed &nd road type combinations likely to
be encountered in a cross-country trip.

The data were analyzed with a series of
filters having the following bandwidths:

Bundwidth Center Frequency
0 - 2-1/2 Hz 1-1/% Hz
2-1/2 - 5 3-3/h

5 - 10 7-1/2

10 - 15 Hz 12-1/2 Hz
15 - 23 19

23 - 30 26-1/2

30 - b4 37

Wb - 63 53-1/2

63 - 88 75-1/2

88 - 125 106-1/2
125 - 175 150

175 - 238 206-1/2
238 - 313 Hz 275-1/2 Ha

Results of the analyses are summarized in
Fig. 1 for the loaded trailer. The datae have
been plotted at the center frequencies of the
filters vsed in the analyses and present the
probabilities of peak accelerations being less
than a given value for that frequency band. The
figure summarizes measurements made at various
locations on the cargo floor in the vertical
direction only, since these were determined to
be governing. It was concluded from this study
that the environment over most roads consists of
low-level complex vibration upon which are super-

imposed a great number of repetitive shock pul-
ses,

A question frequently raised in the descrip-
tion of the transportation environment is the
duration of time that the various frequencies are
excited., This has been determined by evaluating
data reported for a typical road condition and
speed, In the study described above, aaditional
information concerning the number of peaks coun-
ted in each bandwidth is given, These peaks are
presented below for the uniocaded tractor-trailer
travelling on level concrete at a speed of 50
miles per hour. The data have been normalized
first to the lowest frequency and then to the
frequency having the highest peak count ratio to

frequency ratio,
R/Pl P/Pl/f/fl
Center Peaks —7-— fa——
Frequency Counted t f1 R Pi L f1 max

1.25 207 1 .6l
3.75 965  1.56 1.00
7.5 1350 1.09 .70

12.5 2470 1.2 7
19,0 2948 .938 .60
26.5 6169 1. .90
37 7561 1.23 .79
53.5 10952 1.24 .80
75.5 9924 .80 .51

106.5 22851  1.28 .82

150 27171 1.1 L

206.5 13041 .38 2k

275.5 2h736 .99 .63

If it is assumed that a single frequency is ex-
cited all the time (corresponding to a normal-
ized value of 1.0), the other frequencies are
seen to be excited in time re.ging from 244 to
9%, of the trin time. Only peaks greater than
0.1 g were ugel in these comparisons. The fre-
quency assumed to occur cqntinuously is near the
natural frequency cf the suspension system, as
would be expected,

Tractor-Trailer (Rencwed) - A study similar
to the one described above was conducted on a
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renewed tractor-trailer combination (4). Data
obtained in these tests were to show the effects
of rebuilding and reinforcing the trailer. In
addition to monitorirg accelerations, load cells
were used to monitor input loads to the caxgo.
However, i~strumentation problems rendered the
load cell data umsable,

The measured data are surmarized in Figs.
2 to k., Fig. 2 sumarizes all of the data meas-
ured in the vertical direction for the varicus
locations on the cargo floor, for all of the
road types and vehicle speeds. Weighting fac-
tors were employed to account for the probability
of occurrence of the various road speeds and road
type combinations. Fig. 3 surmarizes the same
date for the lateral direction and Fig. 4, the
longitudinal direction, The effect of rebuild-
ing a tractor is seen to be a significant reduc-
tion in the vibration levels at the high fre-
quencies. This is to be expected, since any
looseness in the system would be removed.

Because of the extent of dsta available for
this particular vehicle, additional plots are
presenteé to show the effect of various opera-
ting conditions. Fig. 5 shows the effect of
vehicle speed, Fig. 6 the effect of load, and
Fig. 7 the effect of location on the enviromment.
Only the peak and rms values of the reported
data are plotted. The effect of direction of
medsurement is shown in Fig. 8 by a plot of the
904, probability curves of Figs. 2, 3, and b,

Tne curves show that over most of the frequency
range investigated: (1) higher speeds result in
higher levels of accelerations, (2) an unloaded
vehicle experiences higher levels of accelera~
tions than a loaded vehicle, and (3] the aft
location is less severe than the forward loca-
tion in the vicinity of the fifth wheel., Further,
the peal levels are approximately an order of
magnitude larger than the rms value,

Flatbed Truck {2-1/2 ton) - Extensive meas-
urements have been made of the vibration envir-
onment cn a 2-1/2 ton flatbed truck (5). 1In
this study, the data have been separated to show
the vibration levels under what is considered
normal operating conditions and those for ab-
normal condltions, The abnormal conditions
included: (1) driving with two wheels on the
shoulder of the road, () driving completely on
the shoulder, (3) driving off the road in desert
brush, (4) driving on the median of a U-lane
highway, and (5) driving on a dirt road. Summary
results of this study are presented in Fig. 9
for the normal conditions. Comparisons indica-
ted 1ittle difference between the normal ard ab-
normal conditions., Fig. 9 reflects factors to
account for the frequency of cccurrence of the
various conditions investigated. The specific
weighting factors for normal operating condi-
tiong were as follows.

Factors applied to road types for deriving
composite descriptions of environment:
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Bveut Factor
1. Backing up to dock
2, Crossing raflroad tracks
3. Dip
4. Low level 5 high level
5. Overpass
6. Asphalt road at SO mph
7
8
9

PP N T

. Access road

. Four-lane highway

. Construction zone
10.Blacktop at 60 mph
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It was concludad from the study that the
severest viorations occurred in the vertical
direction and resulted from driving over pot-
holes and bumps. The location of the cargo on
the truck bed has an elfect on the severity of
vertical inputs with cargo located over the
rear wheels getting the roughest rigde.

Rail Vehicles

Vibrations in railroed cozvs emanate from
a variety of sources. Vertic<l vihrations re-
sult frcm the unevenness or rougnness of the
rail, discontimuities at the rail joints, flat
spots on the wheels and wheel unbalance, Later-
al vibrations are caused by the tapered wheel
treads and the wheel flanges. (The purpose of
the tapered wheel treads is to keep the car
trucks centered between the rails while the
flanges of the wheels limit the lateral excur-
sion of the car trucks.) Longitudinal vibre-
tions result from starts, stops, slack run-outs
and run-ing, These latter effects result from
the inherent slack in each coupler which can
build up to large values for long trains,
Cheracteristic frequencies associated with rail-
?a§ vibrations are described in Refs. (6) and
7).

Flat Car -~ Extensive measurements of the
vibration environment on a railroad flat car are
reported in Ref. (8). Data are presented for
measurements in the vertical direction, the
lateral direction and the longitudinal direction.
The data hes boen roplotted to the ssme format
as the previcus deata and are presented in rigs.
1C, 11, and 12, Events included in the data are:
trein leaving switching yards, stopping, cross-
ing intersecting tracks, climbing a hill, going
downhill with braking, on level runs at Lo aph,
crossing switches, crossing bridges, on rough
track, on curves, and in tunnels. Weighting
factors were used to account for the probability
of occurrence of these events when developing the
summarized data, The test car was part of three
different train lengths varying in size from 65
to 120 cars.

The meagurements indicate that there are
two frequency bands ir which the highest ampli-
tudes occur, the 0-3 Hz and the 5-10 Hz vands.
It 1s reported that the amplitude distributions
in these bands showed little resemblance to vi-
bration type distributions. Most of the peaks
in these bands were a result of transient im-
rulses rather than gteady state vibration. Above
10 Hz, the vibration levels were below .72 g 1In
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all the requency hands analyzed, the peaks in
the vertical direction were highest. As a re-
sult of this study,it was concluded that the

rail environment congists of low level random
vibration with a mumber of repetitive transi-
cnts superimposed in the low-frequency rarges.,

A ccmparison of the frequency spectra for
various operating conditions (4) is shown in
Figs. 13 and 14, Fig. 13 shows the effect of
speed on the vibration spectra. Fig. 14 shows
the effect of direction of measurement for a
particular event, Only the pesk and mms values
are plotted on these curves.

Aircraft

Vibrations in aireraft result from runway
roughness, propulsion or power plant dynamics,
unbalance in propellers or rotors, aerodynamic
forces and acoustical pressure fluctuations.

In addition, the surrounding air will also induce
vibrationg due to its turbulent nature. The air

has vertical components of velocity which impart

vertical accelerations to the aircraft.

Characteristic frequencies associated withn
the propeller-driven aircraft are the propeller
blade passage frequencies.

Helicopter - The results of a recent study
of the vibration enviromment on helicopters is
presented in Ref. (9). The helicopter, an HHU3B,
has a rair of contrarotating rotors with blades
47 feet long and is powered by a turpo-jet en-
gine. The events included in the study were:
motor starts, rotor engagement, take-off, hover,
climb, cruise 90 knots, straight flight and des-
cent. A summary plot of this data is presented
in Fig. 15. The curve includes measurements
recorded at various locations for the various
events, Weighting factors are applied to the
data for perticular events to account for the
frequency of occurrence of the events., Some
conclusions from this study were: (1) hovering
produces the severest enviromment while rotor
start and engagement produces the least, (2) the
longitudinal direction produces the severest en-
vironment, and (3) straight or level cruise
results in insignificant levels when compared to
hover, climb and high speed events.

Turbojet - Statistical data describing the
vibration environment on an NC-135, a version of
the commercial 707 jet, is reported in Ref. (10).
The severest enviromment was measured in the
vertical direction and occurred during take-off.
The data are presented in Fig. 16 in terms of the
peak values and the probability of pesks being
less than indicated levels. The data, however,
only applies to one location on the floor of the
aircraft,

Ships

Tyrical sources of vibration in ships ii-
clude the propellers, the propeller shafting,
the power plants, auxiliary machinery, and the
hydrodynamic forces as th: shiv passes through

the water, The hydrodynamic forces include those
resulting from slamming, pounding arnd the wave-
induced motion of the ship., Slamming is defined
as the impacting of the ship with the water after
the bow has left the water. Pounding is the im-
pacting of the waves on the ship when all por-
tions of the bottcm are submerged., Wave-induced
notion is the motion of the ship in response to
the waves, excluding those resulting from slam-
ming and poundinrg. A complete description of
vibration sources in ships is given in Ref. (11).

A characteristic vibration fresuency assci-
ated with shizs is the blade passage frequency
which results from the non-uniform pressure field
acting on the hull as each propeller blade passes
clese to the hull,

As with other modec of transportation,
proper design and maintenance reduces the sever-
ity of many nf the sources of vibration. In
addition, operational restrictions may te im-
posed to reduce the leveis of vibration. Feor
example, ships may be requested to reduce speed
in rough water in order to prevent slammi.g, or
ships may be routed around rough seac.

Much of the ship vibration studies have
been conducted in quiet water on straight runs
at various propeller speeds. Maneuvers and
crashbacks (sudden reversal of direction) whicl
generate higher levels of vibration than straight
runs are alsc conducted.

In the past, the vibration levels for rough
seas were established by using estimated magnifi-
cation factors. The factors were based on experi-~
ernce and some scattered data and were applied to
vibration levels measured in calm seas (Ref.(11)),

Cargo Vessel - An extensive measurement
program of the vibration environment on cargo
vessels is reported in Ref. (12). Data on ex-
treme values of load conditions to which cargo
mi~ht be subjected is described. Seven acceler-
cmeters were installed at various locations
aboard a 520-foot dry cargo ship operating in
regular North Atlantic service. Tlata were re-
corded intermittently over a l5-month pericd.

The vibrations recorded aboasd the ship in-
cluded only the seaway-induced motions charac-
terized as slamning, whipping and wave-induced
acceleration, It is reported that the wave-
induced frequencies ranged from C€,030 to 0.205
Hz, while slamming-induced transients having two

.besic camponents of J1.4 and L. Hz. The whip-

ping component of the ship induced by slamming
occurred at 1.5 Hz,

During the test period, the wave-induced
acceleration reached a maximum of 0.88 g (zers
to peak) in the vertical direction at the bow.
Slamming, or the impacting of the ghip after it
has left the water, produced higher frequency
accelerations (approximately 10 Hz) in eacess of
1.5 g's (zero to peak). Statistical analyses
were only conducted on the wave-induced accelera-
tions, since it is reported that sufficient uata
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were not recorded for slemxing events, The
results are presented in Fig. .7. The data are
presented in terms of Gppg versus probability

of occurrence. It can be seen that vne bow
vertical accelerations were mest severe,fallowed
closely by the transverse direction znd the
stern vertical direction, Fore and af$ or longi-
tudinal accelerations were least severe (approxi-
mately 40% of the bow vertical)., The bow (verti-
cal) was also most severe for slam. A technique
for extrapolating the data to extreme values is
also presented. Based upon the enalysis, it is
reported that the most probable meximum bow ac-
celeration on the vessel, operating on the same
route over a seven year span,would be 2.97 g's
(peak to peak).

SHOCK

Shock is defined es a sudden and severe
non-periodic excitation of an object or systenm.
In most studies, it is defined as the motion of
the cargo floor or platform on which the cargo
or conteiner is supported. Since there is no
precise distinction between vibration and shock,
the data in some instances has not been reported
separately.

In this paper, shocks are described in
terms of shock spectra when available, (A
shock spectra is tie response of a series of
single degree-of-freedon systems to the excita-
tion,) This is considered the moet descriptive
formet fcr the complex transient inputs. It
provides a convenient means for comparing a
large smount of data describing very complex
motions. It also gives information on the ener-
gy levels as a function of frequency of the
shock excitation.

Truck - Shock inputs ocenrring during
truck transportation include bumping into load-
ing docks, crossing railroad iracks, cattle
guards, and other transient road inputs.

Shock spectra for typicel shock events en-
countered by a rebuilt tractor-trailer combina-
tion (4) are siown in Figs. 18 and 19, Fig. 18
ig for the losded tractor-trailer crossing rail-
road tracks a: 40 mph. Fig. 19 is a spectra
for the semi-trailer traversing a dip in the
road at UC aph,

Damping factors (C/C.} used in ccmputing
the shock spectra gererally range “som zero %o
one. A commonly used ratio is .03 to .05 which
is the damping in most structurcs. Zero damp-
ing provides an upper 1limit on the shock spec-
trum while .10 is characteristic of shock iso-
lation systems.

Shock spectra for typicel events encoun-
tered by a two and one-half ton flatbed truck
(4) are shown in Figs. 20 and 21, Fig. 20
epplies to the input resulti 4 from crossing
railroad tracks at a slow speed and at 45 mph.
Fig. 21 is a shock spectra camputed from lorzi-
tudinal inputs resulting from the truck backing
into a loading dock.

Shock spectra envelopes for an air ride
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suspension van are reported in Ref. (13) and are :
shown in Fig. 22, The curves envelope the maxi-
mum shock spectra in each direction for the vari-
oug events cncounterel during a cross-country
shipment.

Rail « Shocks to cargo in railroad cars result
from: car switching or humping operations, stops,
starts, slack take-up in the coupling systems,
and transient inputs from the track.

Shock spectra for inputs resulting from :
slack run-ing end run-outs are shown in Fig. 23.
(4) The curves envelope spectrs for a number of
events and are separated into longitudinal, ver-
tical and lateral directions. Run-in and run-out
shocks result from the inherent slack which
exigts in each coupler. While the siuck is small
for each coupler, the total glack for a long
train is large. The accumulated slack precduces
a lorgitudinal whip ection when the train moves
up or down hills. These shocks are most severe
for cars near the end cf the train.

Shock spectra envelopes for inputs resulting
from road crossings and switch crossings are
shown in Fig. 24. The envelope curves have been
geparated to indicate .he levels ror the three
directions (longitudiual, vertical and lateral),

The severest shock loading for railecars
occurs during coupling or humping operation. The
automatic feature of railcar couplers requires
that they be impacted together to actuate the
couplers. Due to uncontrallabie factors (equip-
ment and operators) affecting railcar accelera-
tions during make-up of trains at a railroad
vard, there is a wide variation in coupling
speeds.,

The shock levels resulting from coupling
impacts are dependent primarily on the car
weigt, impact velocity, and the type of shock
absorbing system (draft gear) on the coupler,

A standard draft gear allows a travel of approxi-
mately four and one-half inches before bottoming.
Cushioned underframes or cushioning draft gear
have a travel of as much ag 30 inches, Thus the
car can be brought to a stop in a much longer
time and therefore with lower deceleration.

Envelopes of shock spectra for common im-
pact speeds of 2 to 5 mph are shown in Fig. 25,
(4) Curves are presented for the longitudinal,
vertical and lateral directions. Although 2 to
5 mph is a common coupling speed, a frequently
used upper limit is 10 or 11 mph. This impact
speed includes a high percentege (approximately
98%) of all impacts.

Alr - Shock excitations occur in ajrcraft
as a result of landing impacts, braking, and
gust loading, Recent studies of the shocks en-
countered during landing operations with modern
aircraft have shown that this event produces
relatively low levels of ghock when compared to
other events. Extensive measurements of aircraft
regponse to landing impacts have been made with
the NASA velocity-acceleration-height (VGH)
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recorder. The measurements are read directly
from the records and reported in terms of peak
acceleration, Spectral analyses are not per-
formed. Typical results (14) showing the proba-
bility of exceeding given accelerations during
landing impacts are presented in Fig. 26. The
data shows that only once in 1000 landings did
the normal acceleration reach 1.1 g's.

Extensive measurement programs of the gust
loading of aircraft have algo been conducted.
However, as with the landing shocks, most of the
data has been measured with the VGH recorder and
has therefore been reported in tems of peak
accelerations of the aircraft center of gravity.
Typical data (14) showing the occurrence of gust
accelerations per nautical mile are shown in
Fig. 27 for a four-engine turbo-jet transport.

Ship - Shock loadings occurring on ships
result from slammings and impacts with piers
during docking operations. In general, both of
these events are controlled to a large degree,
resulting in very low shock levels. Data has
not been reported describing the shocks encoun-
tered during docking. Data on ship slamming
are generally included in the description of the
vibration enviromment. Ref. (12), for example,
describes a slam event as having a peak of 1.5
g's (zero to peak) with frequency components of
114 and 4.6 He,

DISCUSSION

Comprehensive descriptions of the trans-
portation shock and vibration environment for
typicel transport vehicles are currently avail-

able. Data on the vibration enviromment defines
the maximum acceleration as a function of fre-
quency and also the probability that accelera-
tion peaks are below specified levels., The data
indicates that only occasionelly do the acceler-
ation peaks reach the maximum values. Compari-
sons of maximum peak values with root mean
square values indicates an order of magnitude
difference in some instances. Thus extrapole~
tion from rms to peak value or the reverse can
yield erroneous values when the commonly used
factors of three or four (sigma) are used.

Shock date is available in terms of shock
spectra which facilitates the comparisons of the
very complex transient events. Fig. 28 compares
the shock gpectra for typical events on truck
and railcar. The severest of the shock events
is seen to be that which occurs during coupling
events. The least seveie shocks were those
measured on an air ride suspension van.

The available data on shock and vibrations
is generally applicable to transport vehicles
which are well maintained. Thus the descrip-
tions may not apply to systems which are poorly
maintained and could be used in the shipment of
general cargo. Further, the data is only appli-
cable to cargo which is restrained or always in
contact with the cargo floor, There is a total
lack of data describing the shock and vibration
environment encountered by unrestrained or
lonse cargo. Techniques are required to meas-
ure the shock and vibration enviromment on loose
cargo and to translate the data to laboratory
tests.
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DISCUSSION

Voice: What kind of instrumentation did Mr. Westine (Southwest Research Institute):
you use to get this information? When 1 looked at your curves for different ve-
locities, I wondered if you could improve results
Mr, Ostrem: This was a review, and we and reduce the data to a single curve by non-
did not make any measurements. Most of the dimensionalizing the accelerations, For example,
data has been developed by the Sandia Corpor- you might multiply acceleration by a character-
ation, Maybe Mark Gens from Sandia would istic length and divide by the velocity squared.
like te comment on the particular type of in- I notice that your axis numbers are nondimen-
strumentation that is used, sional, in essence, and the curves are all simi-
lar in shape., It seems to me that you may be
Mr, Gens: We will put you off until the able to telescope all these different velocity
next paper, The same instrumentation was curves into a single curve. Have you tried this?
involved,

Mr. Ostrem: No, I have not.
Mr. Gaynes (Gaynes Testing Laboratories):

First of all, you showed the rebuilt tractor.
Were you able to get comparisons with a new

Mr, Clevenson (NASA Langley Research

Center): First let me compliment you on a fine
tractor that had not been rebuilt? compilation of quite a bit of data. It is very in-
teresting., I do have a question, however, The
Mr, Ostrem: Not on a new tractor; but the first half of your slides all started at 20 cycles-
first slide presented data on a non-rebulit trac- per-second. Does this imply that there are no
tor. The first one was just a typical tractor- data in the low frequency range down to half 2
trafler. The second was rebuilt, cycle or s0? I think most of us realize the low
f i 1 11 .
Mr, Gaynes: What about freight cars? Is requencies are also vitally important
the difference In car age and rebuilt cars ap-
parent in freight cars too? Mr. Ostrem: Yes, I think that is a good

point. Some of the data did go down to about 2
Mr, Ostrem: Yes, this is one of the biggest Hertz, What we are really lacking is the low

problems. Most of the vehicles are carefully frequency, the so called rolling or rocking fre-
selected and this is the one drawback. It is not quency information. Workers in the field are
the information that would be applicable tc gen- just starting to collect data in this area. The
eral cargo where there is no option on the vehi- feeling is that this environment is doing a lot of
cle to be used. damage, particularly for loose cargo. When car-

go is stacked, many problems can occur due to
Mr, Gaynes: Are you showing higher g for- this low frequency rocking phenomenon. No, I
ces at the higher frequency range as shown above  am not implying that there is no problem below
about 10 cycles per second as compared to where 20 cycles, We are waiting for environmental
we have been working in the past? investigators to generate information on the low

frequency phenomena.
Mr. Ostrem: Yes, I think that is generally

true. Mr. Monroe (Babcock & Wilcox): Do you
have any data on barge shipments?
Mr., Gaynes: In the past we have worked
with much lower levels. Mr, Ostrem: No, all I can do is refer you

to the one study that was recorded in one of the
Mr, Ostrem: If you are talking about pack- Shock & Vibration Bulletins* and that was in the

‘ aging, I think you are trying to point out that shipment of a Saturn rocket on a tote barge.
most of this is damped out before it reaches the

' package, I think this is one of the big problems. Mr. Deitrick (Hughes Aircraft Company):
We do not have any information that would re- Why is not more work done in presenting this

¢ late to the actual cargo. The response of s0- data in the form of PSD’s. John Schlue of JPL,
called loose cargo is what we really need to some years ago, put out the only work I have
know and we have no data on that, seen in this respect. By using peaks, you very

*R.W, Fruedell and K, E. Elliott, The Dynamic Environment of the S-IV Stage During
: Transportation, Shock and Vibration Bulletin 33, Part IV, p. 111, Naval Research
S Laboratory, Washington, D. C., 1964,
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often wind up with a very conservative evaluation
of the transportation environment,

Mr. Ostrem: I think the main reasoen is that

most testing laboratories, at least for package
evaluation, do not have the sophisticated random

181

vibration equipment necessary for testing. They
are trying to stick with some presentation relat-
ing to peak value and a sinusoidal frequency.
Maybe, for very sophisticated cargo, one would
go to other methods, I think some of the later
papers will discuss that,
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THE DYNAMIC ENVIROMMENT OF SELECTED MILITARY HELICOPTERS*

Mark B. Gens
Sandia Laboratories
Albuquerque, New Mexico 87115

activity,

The purpose of the study was to determine the
dynamic input to cargo from the floor of the cargo
space in the OH-6, UH-1, CH-46, and CH-47 helicoptars.
The instrumentation, test procedures, data reduction
processes, and results are discussed, The vibration
regime for helicopters is shown to consist of a base
of Gaussian random excitation with sunerimposed
decaying sinusoids vhich are associated with rotor

INTRODUCTION

The increased use of helicopters for the
transport of military supplies has caused
interest in the dynamic input of this type of
aircraft to cargo. Since the Envirommental
Criteria Group of Sandic Laboratories is
charged with the task of supplying descriptions
of the environmental levels which will be en-
countered during the life of AEC/DOD systems,
it became essential that the dynamic environ-
ment of cargo during helicopter transport be a
part of those descriptions. A literature
search revealed little information on dynamic
input measurements in the cargo space and that
which was available was fragmentary because of
specific areas of interest., In view of the
Environmental Criteria Sroup's mission and the
availability of instrumentation, it was decided
to measure the environment and produce a
spectrum of vibration in helicopter cargo
compartments.

Since no firm data were available, the
first step taken was to measure the dynamic
input of an aircraft of convenience, even
though not & likely cargo carrier, to attempt
to define parazsters for further work. This
effort, reported elsewhere [1], suggested
several areas of inquiry:

A. A specific effort should be made to
measure low (0-10 He) frequency
excitation,

B. The presence or absence of a series
of decaying sinusoids needed to be
investigated.

Preceding page blank
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C. Data should be obteinsd during land-
ing.

With these points in mind, a program was under-
taken to Jefine the dynamic environment of
helicopter cargo spaces,

The helicopter differs from other aircraft
in that it i{s supported by a rotary rather than
a fixed wing, While airborne, the rotary
motion tends to exert torque on the fuselage of
the craft with the result that, failing correc-
tion, the fuselage has a tendency to rotate
also, Two general methods have been employsd
to control this unwanted, {f not dangerous,
motion. One {s to provide in the tail area a
vertical propeller which exerts & countertorque
equivalent to the force exerted by the rotor.
The second control method is to provide counter-
torque by means of a contrarotating rotor., The
latter has the advantage of providing lift and
drive capsbility as well as rotary control,
Helicopters employing each of these .ypes of
control needed to be considered,

THE HELICOPTERS

In addition to the plane used in the pre-
liminary work (the HH43) two examples of each
type were employed to derive data.

A. Contrarotating types:

1. CH46

2, CH47

*This work was supported by the U, S. Atomic

Energy Comaission,
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B. Vertical propeller types:
1., OH6
2. UHl

The CH47, OH6, and UHl ware made available by
the U, S. Army Aviacion Board at Pt. Rucker,
Alabama, while the CH46 was made available by
the U, S. Marine Corps. at the Patuxent Navzl
Air Station, Maryland,

Both the CH46 and CH47 sircraft are
primarily cargo-carriers., They are very
similar in appesrance, both built by the Vertol
Division of Boeing Afrcraft Company, both
powered by two turboshaft engines. They are
slightly different in size, the CH46 being 84
feet long and 16 feet high with 51 foot diameter
rotors while the CH47 is 99 feet long, 19 feet
high and has 60 foot rotors., The rotors are
wounted fore and aft and rotate counter to
each other, For the purposes of this work, the
principal difference between them was that the
CH47 has an isolated floor in the cargo coupart~
nent while the CH46 does not. The CH46 cruises
at 110-120 knots vhile the faster CH47 cruises
at 140 knots, The rotor speed of the latter is
230 rpm (3.83 rps).

The OH6 is primaurily an observation plane
but is adaptable to carriage of small cargo vy
removal of cabin seats, Hanufactured by Hughes,
it 1is 30 feet long and 8.5 feet high, The rotor
is 26 feet in dismeter. It has a cruise speeu
of 110-120 knots, Rotor speed is 465~514 rpa
(7.75-8.57 rps). 1t is powered by & single
turboshaft engine.

The UH1, buflt by the Bell Helicopter Co.,
18 considered a utility aircraft. It may be
used tO carry up to seven passengers or approxi-~
wately 300 pounds of cargo., It is 57 feet long,
14 feet high, and has a 48-fcot rotor. Powered
by a single turboshaft angine, it cruises
85-120 knots and has a rotor speed of 294 to 324
rpm (4.9-5.4 tps). {The specifications for all
helicopters vere taken frum the respective
pilot's manuals ard Ref. {2].)

THE TEST PLAN

The test plan was developed partislly as a
result of the preliminary work and partislly
during conversations with the pilote., The
standard data points which were esteblished
were:

A, Lift off

B. Low hover

C. Take-off

D. Low cruise

E. Climb

P. High cruise
G, Descent

H. low flight
I. %urn

J. Hover

Iu &ddition to these, data points of opportuni-
ty, such as maximum power take-off, hover at
three feet, at twanty-five feet, and clear air
turbulence vwere sanmpled,

While helicopters arc capable of direc
take-off {n a vertical direction, two factors
tend to limit the frequency of such action,
Pirst, when operating from a standard airficld
with itz ettendant traffic, the helicopter must
move from its pad into the regular traffic
pattern in order to take-off, Secondly, for
alrcraft with skids, this must be accomplished
while out of contact with the ground., 9€ten
the wheeled helicopters 3o the samz. Thus the
sequence of events includes liftoff to a height
of two to three feet, th2n moving to the edge
of the runway and finslly, =% -zceipt of towar
clearance, take~0ff which usually combines 1ift
and forward motion., For chese reascns, the
test gequence shown was uyed,

INSTHUMENTATION

The fnctrumsntation consieted of two
clusters of accelerometers, One array was a
triexial set of piezoelectric accelerometers;
the other ¢ triaxizl set of pilezoresistive
accelerometers, Each group was wounted on an
aluminum dlock which in turn wes mounted on the
cargo floor at a structural member. With the
exception of the Ci{t7, the zirframe structure
supported the floor directly, On tha CH4Z, &
structural wambar of the isolated floer vas
chosen, %YThe accelerometers were positioned te
be normal to the major axes of the aircraft.
(See Pig. 1.)

The two types of sccelerometers were used
to pernit accurate measurement throughout the
entire range of interest froa DC to 2000 Hz,
‘the pilezoelectrics provided information on the
higher frequencies while the pieszoresistivea
wsre valuable for lower frequency response,
The particular area of interest for the latter
was below 10 Hz,

The recording equipment and power supply
were located in the vicinity of the transducers,
This .rovided a loading of approximately 200
pounds on the cargo floor., The recorder used
wvas the ELI-31 developed by Sandia Laboratories
(3]. 1t consists of a l4-channel tape recorder
vith the electronics necessary to provide
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signal modulation and transducer calibration.
The power supply is a 28 volt DC supplied by
a NiCad battery, (See Pig. 2.)

The instrumentation was placed as nearly
as possible in the same position in each type
of aircraft., On the GH6, the equipment
occupied most of the floor of the aft compart~
ment with the seats removed, The floor of the
aft ccmpartzents of the UHl accoomodated all
of the apparatus with the seats in place. In
both the CH46 and CH47 there was, of course, a
surfeit of room,

FPig. 2 - Pourteen Channel Recorder and Power
Supply - Typical Inotallatfon
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CONDUCT OF THE TEST

When possible, two operators accompanied
each flight., One acted as a talker, communi-
cating with ths pilot and to a portable tape
recorder. The other operated the test recorder
and made a voice record on the test tape. This
procedure permitted complete documentation.
Calibrates were placed on the test tape prior
to the flight. The pilot had a list of the
desired events. He would inform the test
engineers when he was sbout to execute a
specific event and upon receiving assurance
that the recorder was ready, would proceed with
the maneuver.,

The data were recorded in 20~ to 30-second
sunples for two reesons: First, the magnatic
tape on the recozder was linited to 7.5 minutes
of record and, secondly, most aircraft events
are of relstively short duration, For longer
events, such as cruiss, ths dynamic excitation
15 escentially stationary, so samples are
typical of the entire ride.

Upon completion of the flight on one
helicopter, the equipment was installed in
another until all had been sampled. The same
instruments were used for each flight,

DATA REDUCTION

Data reduction was accomplished in the
following steps:

A. Real-time snalog osciliograph record
B. Bandpass oscillograph record

C. VIBRAN analysis

D VAIL anzlysisc

The analog oscillograph record wsa utiliz-
ed to determine:

A. That the data had been recorded.

B. The portions of the data to receive
further consideration,

Selected portions of the dats were then
subjected to the bandpass analyzis technique,
vhich provided further relinement of the
portions to bz reduces. In addftion, it made it
posaible to begin ts see the types of motion in
the lower frequency ranges, We fouad, for
instance, a very clear trace in the lowest
fraquency band of an excitation at about 0.3 He.

Sections of the record were selected for
more detalled analysis., After careful sxsminn-
tion, it wes noted that the levels of excitstion
were genesrally higher for the CR46 and CH4?
aircraft, It was decided to reduce samples of
each event for these, but to select only a few
events froe the racords of the UHl aad OH6
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helicopters. These salectad {ncluded low
flight, clied, high cruize, and flighi through
clear tuzbulance, Theus records were raduced
by program VIBRAK in three sxea. The selectad
saxples ware Srom 5 to 10 geconds ia leugth.

Progran VIRREN [3,4] prodices an
amplitude dissributicn teble within Evequancy
bands ag shown dp Plg. 3. This wethod pornits
a detailed look a the dieteidution of preks
by percent within & frequarcy band or within s
vecord. An addfziennl program VAIL [S]; was
empioyed to combtine the VIBRAN records inte a
single recerd for sach axis of esch helicopter
and, finally, fnto a single rerord per axis
for all of the heldeopters. Frogram VAIL
operates by determining the nuwber of psaks ac
each suplicude on sack record, cozmbining thesm,
presenting the percantage of the total pesks
at epnch lgvel, and celeulatiag the root wmean
square for each fsequency band end oversil for
each resulidng vecerd. The veport 45 4n the
scoe form a2z a VIBRAN recozd.

Fuxther analysis, by Sraquency bsnds, wae
undartsken using the mathod proposed by Curtis
[6]. He haa shown the use of Rayleigh proba-
bility paper ae a means of estimating vhether
a pegk amplitude distribution iz random or
sinugoidal. Each frequeancy band in the
sumaries for each helicoptexr and for ell
helicopters was plotted teo provide s curve
which would indicate the characteristics of
the vibration,

RESULTS

ihe wibration records for the two types
of helicopters were sufficivatly diffcrent in
characteristics &8s ro require sepsrate discus-
sion. In general, both showed the przsence of
decaying simusoids, but in widely varying
dogree. The overall amplitudes of excitation
in the single rotor sircraft wrce markadly
lowar than those in the dval cocor planes. The
vortical atis generally had higher amplitudes
in both types, but in at least cne frequency
band, the lungltudinal axis predominsted in
aach type.

Figure 4 i{s & representation of the 99
pevcant level of vibratfon for the single rotor
helicopters, The 99 percent level was chosen
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for presentation because it not only is
composed largely of steady state vibdbration,
with few fntormittents, but it tends to respond
to the distribution within each froguency band
more closely thun do the peak values. The
single rotor helicopters have low smpiitudes

in the lower frequencies. None of the ampli-
tudes ds =uch above 0.5 g until the frequency
yands beginning with 250 Hz are resched, Ths
grantest amplitudes ave found between 500 Rz
and 700 Uz, vhere there sppears to be vigorous
responss in the longitudinal axis. The predomi~
anance of the longitudinal axis also appeoars
between 180 Hz and 350 He as well as between
700 Hz and 1000 Hz. The transverse axis gsins
gacendency beyond 1000 Mz, In general, however,
the vertical axie shows the highest pesk
amplitudes,

An apalysis of pesk distributions within
aach frequency band ghows that 50 percent or
wore of the paaks lie below 0.14 g in the
lower frequeacies in the longitud{nal gnd
transverse axss. This condition obtains up to
120 H= and zgain from 1000 Hz to 1900 Hz., It
is true up to 240 Hz in the trasnsverse axis.
In the vertical axis, however, one must go to
the 0,27 level before such a statement may be
made, QJven at that level, in three bands
(0-20 Hz, 700-1000 Hz, and 1000=1400 Hz) the
percentage of peaks at or below 0,27 g lies
somewhat under 50 percent. Tha vertical axis
shous an absolute peak at 1.9 g from 500 Hz to
1400 Hz; the loagitudinal one of 2.7 g from
500 Hz to 700 hz. All of the trensverse axis
lies below these levela.

The pressnce of excitation caused by
decaying simsoids appzar to be & characteris-
tic of the helfcopter envirommant. In the
1ingle rotor types, the distribution of peaks
is largely Gsussian random, but at certain
frequencies, particulsrly in the longitudinal
end vertical axes, the chazacter of the dis-
tribution 1s wodified by the sinusoidal
influence. Figure 5 {a an {llustration of this
phenomevon. In the loagitudinal axis, the
sinusoidsl presence appears Letween 120 Hz and
180 Hz and between 500 Hz end 1000 Hz. In the
vertical axes, it is apparent below 20 Hz,
bgiween 40 Hz and 80 Hz, betwaen 180 Hz and
250 He, and beiween 1400 Hz and 1900 Hez,
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Pig. 4 - Helicopter Vibration - Single
Rotor 99% Level
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ACCUNULATED PEAKS

Pig., 5 - Typical Pure and Mixed Gaucsian
Random Peak Dissributions

Figure 6 shows the 99 percent level of
peak amplitudes for dual rotor helicopters.
In this type, the lower frequencies show a
nuch higher level of excitation, All of the
frequency bands show values in excess of 1 g
up to 500 Hz, The highest levels are found
in the longitudinal and transverse axes
between 350 Hz and 500 Hz. It {3 interesting
to note that this £{s the only frequency band
in which the vertical axis does not dominate.
The high levels uvp to 120 Hz are contributed
by the CH47, while those above that are
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representative of the CH46, An exception is
the highest band (1400 Hz to 1900 Hz) which is
CH47 data,

Peak distribution analysis reveals that
50 percent or more of the pesks are at or
below 0.14 g in the lcngitudinal and transverse
axes, except from 2,40 Hz to 700 Hz where the
level rises to 0.52 g, In the vertical axis
the 50 percent peak smplitude level is found
at or below 0,37 g except in the 240 Hr to
350 Hz band where it rises to 0.52 g. The
distributional shape is very similar in the
two horizontal axes, but differs in the
vertical. Absolute peaks are in the 350 Hz
to 590 He band at 5.2 g for all zxes.,

r Mot
- LONGITUDINAL AND TRANSVERSE P
5 HAVE APPROXIMATEL ¥ EQUAL LONGITUDING
VALES wansvirse )
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Fig. 6 - Helicopter Vibration - Dusl
Rotors 997 Levels

The presence of the decaying sinusoidel
excitation is much more noticeable in the dual
rotor type of helicopter. In contrast with
the random vibration with superimposed decaying
sinusoids discussed above, the dual rotor
aircraft seems to have decaying sinusoids with
superimposed Gauasien random characteristics ,
Pigure 7 is an example. This trait is particu-
larly evident in the vertical axis where {t
appears to some extent in each frequency band,
In the longitudinal &nd transverse axes it {is
found only in the 240 Hz to 700 Hz and the
1400 Hz to 1900 Bz regions. Several other
frequency bands exhibit traces of the decaying
sinusoidal excitation, but are predominantly
Gaussian random in nature.

It would appear on the basis of these
data, in comparison with thesa of conventional
aircraft, that the reason for the appearance
of the decaying sinusoidal characteristic is
the action of the rotors in the rotary wing
vehicles., Additionally, i eeems that the
presence of two roters intensifice the einug-
oidal action to the extent that it predominatss




in some frequencies and axes, While it is not amplitudes were under 0,037 g in the vertical

B the function of this study to determine causes, and transverse axes, but roze to 0,10 g in the
"4 it might be conjectured that the sweeping of longitudiral axes. Beyond 10 Hg the dats
the rotor blade above the fusclage imparts a becores more regular and assumes a Gaussian
momentary additional 1ift, Another conjecture rancdom distribution., There is evidence of the
& is that the entrance of the blade into the influence of the decaying sinnsoid here again,
. 3 turbuleant wash of the preceding one causes this This effect {s particularly svident in the
action, At any rate, regardless of reason, vertical axis. Peck awplitude values range
the decaying sinusoid is a major component of from 0.14 g to 0,19 g in the 10-20 Hz bands
the dynamic environment of the helicopter, and from 0.072 g to 0.52 g in the 20-30 Hz

frequency bands, The high values are in the
vertical axis,
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Pig. 8 - Stylized Low Prequency Bandpass
Oscillograph Record
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Fig. 7 - Typical Pure and Mixed Decaying
Sinusoid Peak Distribution

Data on low frequency vibration were
derived from the piezoresistive accelercmeters,
They were reduced in the gsame manner as that
obtained from the plezoelectric transducers,
but in narrower frequency bands. The¢ bands of W
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interest to this discussicn are 0-5 Hz, 5-10
Hz, 10-20 Hz, and 30-45 Hz,

The bandpass oscillograph records were
particularly valuable in considering the band
of lowest frequency. They revealed the
presence of very low frequency excitation on
H the order of 0.25 to 0.33 He., Figure 8 is a
; representation of the appearance of these data,
The low fraquency of these peaks permits very
few of them during a sampling period of ﬁ
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: approximately 5 seconds. Indeed, the nacrow aml , )
N4 band analysis of one record shown in Fig. 9 P e B0 2900 20
thee reveals that the peaks are discrete and that FREGIEN ¥ 18
ﬁ? gaps exist between them, It {s these discrete
iks! cinusofdal-like vibrations that are so notice- Pig. 9 - Narrow Band Analysis
v able to the pawsenger {n the helicopter, Peak
+}§ levels in the 0-5 Hz bend were as high as 1.4 g
{).

S

§3

in the vertical gnd trensverse axes, but only
Ff 0.27 g in the longitudinal direction.
Efi Converacly, in the 5-10 Hz bands, the peak
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SUMMARY AND CONCLUSIONS

This study consisted of the seasurement
of the dynsmic environment of the cargo floor
of two types of military helicopters. The
single roter type was repressnted by the OH6
and UHL aircrafc. Thz dual rotor typs wes
representad by the CH46 and CH47 helicopters.
Reduction of the dsta for the complete flights
of the cargo carriers (dual rotor) sné for
selected events for the single rotor carriers
was accowplished.

Analysis of these data revesled sevaral
sepects which appear to be unique o the heli-
copter environment., Among them are:

1., The presence of decaying sinuscids
distributed in several frequencies.
This type of excitstion is often

dominant in the dual rotor craft, but

its presence in the eingle rotor
environment causes a distortion of
the otherwise randomly distributed
vibration,.

2, Dizcrets very low frequency excita-
tion of moderate amplitudes are
present,

3. Vibration smplitudes for the single
rotor helicopters are lower (1.4 g
weximum) than for the dual rotor
types (2.9 g maximum),

4, The vertical axis generally has the
greater smplitudes, In the higher
frequencies, however, the longitudi-
nsl and transverse axes have
amplitudes which approsch those of
the vertical,

While, in general, the dynanmic inputs to
cargo by the helicopters considered herein are
pot excessively high in relation to other
wodes of transport, the presence of relatively
high amplitude, low frequency excitation is
worthy of consideration during dasign of
packages and tiedowns for helicopter transport.
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DISCUSSION

Mr. Hughes (Naval Weapons Evaluation
Facility): Did you try to correlate the frequency
and the occurrences of the decaying sinusoid
with the beat frequency of the rotors?

Mr, Gens: Yes, of course the rotor fre-
quency lies somewhere between 4 and 8 Hertz
which has to be multiplied by 4 because four
blades are involved. We seem to find the har-
monices rather than the basic frequency. The
decaying sinusoid is not quite as prevalent at
that frequency, but often at a multiple of it,

Mr, Hughes: But it does come from the
rotor, does it not?

v, Gens: It appears to come from the
rotors. We have not attempted to find the
cause, but we guessed one of two things —
either as the rotor passes over the fuselage it
adds som:e additional 1ift, or perhaps it is en-
countering the wake of the preceding rotor
which causes a perturbation of some type. Yes,
we may be all wrong! Helicopter manufac-
turers can leap down my throat.

161

Mr. Earls (Wright-Patterson AFB): I un-
derstood you did your analysis on an octave
basis and the peaks, for example, in the 500 and
700 Hertz range, were around 5 g’s, What is
the implication or: specs for cargo? Should we
test to 5 g’s, or should it be done on an average
basis? What about the peaks that you would
have if you analyzed on a narrow band basis?

What is the implication on specifications for
cargo?

Mr, Gens: Expecting this question was one
reason that I mentioned we are purists, and
therefore, not very good at the testing angle.
That is one reason we like to use a display like
the VAIL VIBRAN display which I showed, or
something like Mr, Ostrem showed, With these
data presentations, the design and test people
can use their judgement in choosing the level.
Cbviously a level of 5.2 g’s peak would be ex~
tremely conservative when we are looking at a
little over one g at the 99 per cent level. This
is my thought about it. Is this the sort of an-
swer yoti were looking for, sir? I hope I did

not tell you anything, because I do not want to
commit myself,
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HIGHWAY SHOCK INDEX (U)

Robert Kennedy
U. S. Army Transportation Engineering Agency
Military Traffic Management and Terminal Service
Newport News, Virginia

shipments.

The Army, Navy, Air Force, and Marine Corps have jointly
sponsored and participated in the development of a Shock
Index (SI) for highway transportation. A numerical SI,
associated with a particular vehicle-load combinationm,
can now be determined at a low cost by application of
simple static field measurements. The SI provides clas-
sification for vehicle-load combination as regards prob-
ability of shocks transmitted to the cargo during highway

It has long been recognized that reasonab-
ly accurate estimates of shock transmitted to
the cargo during highway rransit can be made by
a combination of experience and intuition. One
experienced in conducting test runs and observ-
ing accelerometer readings can usually predict
either a rough ride or a smooth ride for a par-
ticular highway vehicle with a known loading
configuration. Basically, the four most impor-
tant cues ugsed either intentionally or acciden-
tally by estimators are the capacity of the
truck tractor, the relative amount of cargo, the
usable suspension and tire deflections, and the
load position. Other factors as trailer dynamic
beam deflection, speed, and condition of the
highway pavement contribute to cargo shocks, but

2
SI = [4.5 [Dax rated net wt 0.5 + 4K R + Ky

are unimportant vehicle differences in shock at-
tenuation. Several years back at the initiation
of this work, it was decided to try to obtain
physical measurements of static vehicle charac-
teristics contribution to cargo shocks to facil-
i:ate more organized and reproducible shock es-
timation. The concept of shock index, then as
now, 1is basically to measure static vehicle
characteristics, run the measured vehicles over
controlled courses, and mathematically fit the
static measurements to the test shock measure-
ments. The resulting formula for shock index

is then tested with instrumented highway tests
to determine the degree of accuracy of the em~
pirically Jdeveloped formula or perfurmance pre-
diction process. The results of these efforts
to date have produced the following formula:

2
Kg

fax rated gross wt

4
KLK

+ (MEN) (P) + (S+7) (U) + 4.92
(F+G) (P) + (I+J) (U)

- 0.53} [log pct rated ioad - 2.25]

2
+ 4K,

The maximum rated net weight is (A+B) - (C+D) and the maximum rated gross weight is (A+B).
The symbols in the equation are defined as follows:

Preceding page blank
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A - Combined front weight - rated load at any position.

=
=
L}

Combined rear weight - rated load at szme position as "A".

C - Combined front weight - no load.

i D - Combined rear weight -~ no load.

K« Greatest combined suspension s